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FOREWORD 


by 
Lewis L. Strauss, Chairman 
United States Atomic Energy Commission 





The development of nuclear industry in the American industrial pattern re- 
quires ever-increasing numbers of engineers with special skills. The demands 
for such nuclear engineers are a challenge to the educational system of the 
United States. 

To help education meet this challenge, the American Society for Engineering 
Education’s Committee on Atomic Energy Education recommended three years 
ago that the Atomic Energy Commission sponsor the preparation and publica- 
tion of an unclassified sourcebook for reactor engineering education, based upon 
the experience of the Commission’s laboratories and the material in their files. 

Acting on the recommendation, the Commission engaged Dr. Samuel Glasstone 
to write this text. ‘The Oak Ridge National Laboratory, which has operated the 
Oak Ridge School of Reactor Technology since March 1950, has furnished much 
source material and has carefully reviewed the manuscript. Advice and criti- 
cism of the manuscript have been provided by specialists throughout the national 
atomic energy program. 

The AEC Division of Classification has reviewed the manuscript to assure 
that it complies with present rules for declassification. The data selected, its 
technical evaluation, and the conclusions in this book are wholly the work of 
the author and his associates. 

The Commission is gratified by the progress ‘of the program launched by the 
American Society for Engineering Education to work nuclear materials into 
engineering courses and to develop curricula specifically to train nuclear engi- 
neers. It is hoped that this book will contribute to the further advancement of 
education in nuclear engineering in the United States. In the interest of vigor- 
ous world-wide atomic energy development for peace, the Commission hopes 
that this book will also aid other nations to train engineers in the disciplines of 


reactor technology. 
ae £ : ae 
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FOREWORD 
by 


A. M. Weinberg, Research Director 
Oak Ridge National Laboratory 


Nuclear technology has developed since the early days of 1942, when the 
nuclear physics of the reactor dominated the technical thinking, to the present 
time when the central issues revolve around reactor and radiochemical engi- 
neering. This development is most gratifying since it is evident that the tech- 
nology ismaturing. Its complete dependence on nuclear physicists is dwindling; 
its dependence on nuclear engineers — who have a grasp of the entire field — . 
growing and will continue to grow. 

It is on this account that Dr. Glasstone’s “Principles of Nuclear Reactor 
Engineering” is a very welcome addition to the literature of Reactor Science 
and Technology. Much of the material for the book was supplied by members 
of the staff at the Oak Ridge National Laboratory. Since most of these con- 
tributors lecture on the subject of their contribution at the Oak Ridge School 
of Reactor Technology, the contents and point of view of the book inevitably 
reflect the Oak Ridge judgment as to “What is Reactor Engineering.” The 
scope of the discipline is, of course, a real pedagogical question in the develop- 
ment of a brand new technology and Dr. Glasstone’s book ought to be very 
useful in helping delineate the area of Reactor Engineering. 

The book was begun as a joint effort of N. F. Lansing and Dr. Glasstone. 
Subsequently, Dr. W. H Sullivan of Oak Ridge National Laboratory assumed 
the job of liaison between Dr. Glasstone and the Oak Ridge National Laboratory 
staff contributors. To the members of the Oak Ridge National Laboratory staff 
who contributed, and above all to Dr. Glasstone who so deftly drew together 
organized, and wrote ‘Principles of Nuclear Reactor Engineering,” the tisiing 


generation of nuclear engineers who will use this text as their introduction to 
the field will always be indebted. 
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PREFACE 


The field of nuclear reactor engineering encompasses the design, construction, 
and operation of reactors for the release of energy in a continuous and controlled 
manner by the fission of certain atomic nuclei. The main purpose of this book 
is to describe the fundamental scientific principles upon which reactor engineer- 
ing is based. Actually, the principles are not very complicated and are, on the 
whole, well understood, but in their translation into practice there are encoun- 
tered various problems of a somewhat novel character due to the peculiar nature 
of the fission process and its associated radiations. Reactor engineering is 
largely concerned with the solution of these problems, involving a cooperative 
effort in which chemical, electrical, electronic, mechanical, and other engineers 
must work with chemists, mathematicians, metallurgists, physicists, and even 
biologists. 

It is in order to facilitate such cooperation that this book covers a wide range 
of topics. The objective is to provide an over-all review which will help the 
individual engineer to understand the relationship of his activities to that of 
the group as a whole. In this way he will best be able to apply his knowledge 
and experience in one or more of the familiar fields of engineering to the solution 
of the special problems arising from the use of atomic energy as a source of 
power. It should be emphasized that it is the aim of this book to treat the 
subject of nuclear reactor engineering in breadth rather than in depth. Nearly 
every chapter is, therefore, to be regarded as an introduction to a particular 
aspect of reactor design, in which the specialist will require both further knowl- 
edge and practical experience. 

Although some of the material presented in this book, especially in the 
early chapters, can be found in other works, its inclusion here is, nevertheless, 
felt. to be justified for two reasons. First, it is desired to make the book as 
vomplete as possible, within the limitations of its essential purpose, and, second, 
many engineers and engineering students would probably be somewhat discour- 
aged if they had to search the standard texts in nuclear physics, reactor theory, 
ete., in order to obtain the information they need. Those who wish to delve 
further into the more theoretical aspects of nuclear reactor engineering should 
find the essential outlines presented here a useful foundation upon which to 
base their further studies. 

‘Two classes of reader, in particular, have been kept in mind in the prepara- 
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tion of this book. One is the practicing engineer who wishes to know something 
of the impact of nuclear energy upon his professional activities. For such a 
reader the book should serve as a guide; the inclusion of many cross references 
and a reasonably complete index should help him find his way through the book 
even if he does not wish to read it systematically. The other class of reader is 
represented by students in engineering schools at the senior or first-year grad- 
uate level. To judge from the experience with graduate classes held at Los 
Alamos, under the auspices of the College of Engineering, University of New 
Mexico, the book should provide the basis for a two-semester course in Nuclear 
Reactor Engineering Principles. 

Although the first reactor developments were made by physicists, engineers 
have played an increasingly important role in the field. One of the consequences 
of this dual contribution is that a somewhat mixed system of units has come 
into use in reactor engineering. For example, energies are expressed in both 
electron volts and in kilowatt-hours; neutron fluxes are stated in terms of the 
square centimeter and second, but for heat fluxes the corresponding units are 
the square foot and hour. The weight of natural uranium fuel in a large reactor 
is invariably quoted in tons, but for a small reactor, using enriched fuel, it is the 
general practice to express the weight in kilograms. This confusing situation is 
one which is unlikely to be remedied in the foreseeable future, and the reactor 
engineer must learn to live with it. One of the aims of the treatment given 
here is to help him to do so. 

In writing this book I have received help from a large number of individuals, 
so large, in fact, that it is not possible to express my appreciation by mentioning 
their names here. A considerable volume of material was made available by 
members of the staff of Oak Ridge National Laboratory and others, particularly 
for Chapters V through XI, and acknowledgment for this is made in footnotes 
to these chapters and on the title page. However, much of the information and 
references supplied were classified, so that it was necessary to substitute material 
which permitted illustration of the same basic principles without violating secu- 
rity requirements. In this connection, I am especially indebted to Dr. A. F. 
Owings, Scientific Adviser, A. E. C. Technical Information Service, for calling 
attention to, and securing for my use, many declassified reports and other 
documents. Thanks are also due to Dr.‘S. McLain, Argonne National Labora- 
tory, for generously placing at my disposal the notes of his Reactor Engineering 
Lectures. The manuscript has been reviewed, with varying degrees of thorough- 
ness, by a number of engineers and scientists, including members of the Com- 
mittee on Atomic Energy Education of the American Society for Engineering 
Education. Although it may be somewhat invidious to select the name of one 
or other of these for special thanks, I wish, nevertheless, to acknowledge the help 
given me in various matters by J. A. Lane, Director, Reactor Experimental 
Engineering Division, Oak Ridge National Laboratory, 

In addition to the foregoing, I wish to thank N, F’, Lansing, Oak Ridge National 
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Laboratory, for preliminary discussions regarding the general organization of 
the book; Dr. W. H Sullivan, Oak Ridge National Laboratory, who took over 
the responsibility for liaison between members of the Laboratory and myself; 
Dr. A. F. Thompson, Chief, A. E. C. Technical Information Service, and his 
assistant, J. H. Martens, for maintaining pleasant relations by solving adminis- 
trative problems; C. B. Holmes, Chief, Editorial Branch, Technical Information 
Service, Oak Ridge, for preparing the illustrations; and Dr. N. E. Bradbury, 
Director, and Dr. R. C. Smith, Assistant Director, Los Alamos Scientific Labora- 
tory, for their courtesy in making available office, library, and other facilities in 
the congenial atmosphere of the Laboratory. 

SAMUEL GLASSTONE 
Los Alamos, N. M. 
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Chapter I * 


SCOPE OF NUCLEAR REACTOR ENGINEERING 








INTRODUCTION 


Tur Worup’s ENERGY RESOURCES 


1.1. The discovery of nuclear fission in 1939 was an event of epochal signifi- 
cance, because it opened up the prospect of an entirely new source of power, 
utilizing the internal energy of the atomic nucleus. The basic materials that 
can be used for the release of nuclear energy by fission are the elements uranium 
and thorium. Minerals containing these elements are widely distributed in the 
earth’s crust, so that, as will be apparent shortly, they represent a very large 
potential source of power. 

1.2. For the past half century fossil fuels, namely, coal, oil, and natural gas, 
have supplied the major portion of the world’s energy requirements. It has 
long been realized, however, that in the not too distant future these sources of 
energy will be largely exhausted. At the present time the total power consump- 
tion for all countries is about 0.1 X 10 Btu, ie., 0.1 Q, per annum.{ Taking 
into account both the steadily growing population and the increasing per capita 
power demand, it is possible that by the year 2000 the rate of energy utilization 
for the whole world will be close to 1 Q per annum. The most reliable estimates 
indicate that the energy content of the coal, oil, gas, and oil shale that can be 
recovered at no more than twice the present cost amounts to less than 40 Q. 
This means that within 100 years the economically useful reserves of fossil fuels 
will be virtually exhausted. 

1.3. Even when allowance is made for errors in the foregoing estimates, the 
conclusion is inevitable that new sources of power must be found during the next 
50 years or so if the earth is to support the growing population with some in- 
crease in living standards. Two such sources have been considered: solar 
energy and atomic (or nuclear) energy. The idea of making more direct use of 

” Reviewed by R. A. Charpie. 

+The symbol Q is used to represent 10° Btu, so that large quantities of energy can be 


expressed in terms of convenient small numbers; see P. C. Putnam, “Energy in the Future,” 
D. Van Nostrand Co. Inc., 1953. This work is the source of the data presented here. 
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the sun’s energy is very attractive, but so far no satisfactory method has been de- 
veloped for utilizing it on a large scale except through green plants. On the 
other hand, with the discovery of fission, nuclear energy appears to be a practical 
possibility. 

1.4. One of the remarkable facts about nuclear energy is the large amount that 
can be released from a small mass of active (fissionable) material. Thus, the 
complete fission of one pound of uranium would liberate roughly 3.6 X 10” Btu 
of heat; this is equivalent to the energy produced in the combustion of close to 
1400 tons of 13,000 Btu/lb coal.* 

1.5. The total amount of uranium and thorium in the earth’s crust, to a depth 
of three miles, is very large, possibly something like 10” tons. However, much 
of this is present in minerals containing such a small proportion of the desired 
element that extraction would be prohibitively expensive. Assuming, as is prob- 
able, that technological advances will reduce the cost of recovery from mod- 
erately low-grade ores to not more than $100 per lb of metal, it has been esti- 
mated that the world reserve, based on admittedly incomplete mappings, is 25 
million tons of uranium and 1 million tons of thorium.{ As will be seen later, 
it is unlikely that the whole of this material can be utilized economically in fis- 
sion, but in favorable circumstances perhaps one third might be so used. On the 
basis of the energy equivalence factor given in the preceding paragraph, the heat 
that might be obtained by fission is thus 


1 lb Btu 
-_ 6 —_ Se. ee 
3 xX 26 X 10° tons * 2000 ha xX 3.6 & 101° 5 624 X 108 Btu 


624 Q. 


The possible energy reserve in the form of uranium and thorium is consequently 
many times greater than that of the fossil fuels and so it would, if properly 
developed, represent a very significant contribution to the world’s power sources. 

1.6. It may be noted, in passing, that the production of energy by fission is 
by no means regarded as the ultimate solution of the problem of making nuclear 
energy available for practical use. Scientists are intrigued by the possibility 
of obtaining controllable energy by the fusion of very light nuclei, the process 
responsible for the energy of the sun and stars. If this could be achieved, water 
might become the main source of energy, for the fusion, into helium, of the 
hydrogen nuclei contained in one pound of water should produce (theoretically) 
close to 3 X 10" Btu of energy. Even if the fusion process were restricted to 
deuterium, i.e., heavy hydrogen, since this would probably be easier to achieve, 
it would still be possible, in principle, to obtain nearly 10 Btu/lb of water. 


Nuciear REACTORS AND THE Fission Process 


1.7. The basically correct statement, in § 1.4, that the heat released by the 
complete fission of one pound of nuclear fuel is equivalent to that obtainable 


"Throughout this book a ‘ton’ refers to a short ton of 2000 Ib, 
+P. CO, Putnam, op, eft, p, 214, 
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from 1400 tons of coal (or 300,000 gal of fuel oil), has led to some erroneous con- 
clusions. The fantastic possibility has been envisaged of including in an auto- 
mobile enough fissionable material, about the size of a pea, to last the life of the 
vehicle. In order to realize why this is not within the bounds of reality, it is 
necessary to understand something about the fission process. Although this 
will be discussed in more detail in later parts of the book, a brief outline will be 
given here. 

1.8. Fission occurs when a nucleus of the appropriate type captures a sub- 
atomic particle, called a neutron. The nucleus then splits into two lighter 
nuclei (the primary fission products), and at the same time energy is released. 
Also, in each act of fission neutrons are emitted, two or three on the average, 
and if one of these at least is captured by another fissionable nucleus, a fission 
chain reaction with the continuous production of energy becomes possible. The 
device in which the nuclear fission chain is initiated, maintained, and controlled, 
so that the accompanying energy is released at a specified rate, is called a nuclear 
reactor.* 

1.9. Because of the loss of neutrons, by escape and by capture in various ways 
which do not lead to fission, a chain reaction can be maintained only if the system 
exceeds a certain size, referred to as the “critical” size. Although this size has a 
definite value for a particular system, it can vary over a wide range, depending 
on the nature and amounts of the materials present and their geometrical con- 
figuration. Thus, for a reactor consisting largely of pure fissionable material 
(uranium-235 or plutonium-239), the critical size has been described, very 
roughly, as being about “as big as a football.” {| From the known density of me- 
tallic uranium, it can be readily calculated that a reactor of this type contains 
approximately 100 lb of fissionable material. If the amount is less than this, 
the fission chain cannot be maintained and there can be no continuous produc- 
tion of energy. However, in other reactors the critical mass may be smaller or 
larger, depending upon various circumstances. For example, systems using nat- 
ural uranium metal as the nuclear fuel require several tons of this material before 
they become critical. At the other extreme, some reactors can operate on a 
few pounds of fuel. 

1.10. Thus, although it is true that one pound of fissionable material can pro- 
duce energy equivalent to nearly three million times its own weight of coal, the 
reactor in which the energy release occurs may contain anything from some 
pounds to several tons of nuclear fuel. The amount of fuel to be consumed for 
energy production must be present in addition to the critical quantity, since this 
is the essential minimum. However, too large an excess is not only wasteful, 
for various reasons, but it makes the reactor more difficult to control. There 
is, consequently, a practical limit to the energy that can be produced before the 

* The term “pile,” although less descriptive of modern reactors, is still used to some extent. 
It had its origin in the fact that the first successful reactor was constructed by piling layers 


of graphite (some containing uranium) upon one another (§ 18.4), 
{W.H, Zinn, Nueleonics, 10, No, 9, 8 (1952), 
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reastor is “refueled.” Nevertheless, an excess of only 10 lb of fissionable ma- 
terial, over and above the critical amount, could produce the equivalent of 100 
milion kw-hr in the form of heat. 


UtTInizATION oF NucLEAR FUEL 


1.11. There is no method known at the present time for utilizing the major 
portion of the energy of fission except as heat.* Thus, in a sense, a nuclear 
reaztor may be thought of as a kind of furnace. In the production of electricity, 
for example, the reactor may be regarded as a substitute for the boiler firebox. 
The boiler is actually a heat exchanger, but the steam (or other vapor) obtained 
would be used in a conventional turbogenerator system. A general comparison 
between a coal-burning, steam-electric generating installation and one using a 
nudear reactor as a source of heat is shown in Fig. 1.1. The upper portion is a 
schamatic representation of a coal-fired plant, and the lower section indicates 
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Fig. 1.1. Comparison of coal-fired and nuclear steam-electric power plants (P. Sporn 
and §. N. Fiola) 


"A small fraction of the fission energy, considerably less than one per cent, present as 
radbactive energy of the fission products, may be converted directly into electrical energy. 





1.16] SCOPE OF NUCLEAR REACTOR ENGINEERING 5 


the changes that would be necessary if the heat were supplied by a nuclear re- 
actor. The reactor shown is approximately the size of the one at the Brook- 
haven National Laboratory, including its thick concrete shield (see § 1.31). . It 
is seen that in the nuclear power plant the coal-handling equipment is eliminated 
and the boiler (or heat exchanger) is smaller than the conventional type. The 
electrical generating equipment is, however, essentially unchanged. 

1.12. There is another aspect of the nuclear reactor problem that may be 
touched upon briefly here. It was mentioned earlier that uranium and thorium 
are the basic materials for the production of nuclear energy; this statement re- 
quires some amplification. Actually, ordinary thorium cannot be used directly 
as fuel in a nuclear reactor, and naturally occurring uranium contains only 0.7 
per cent of the fissionable species, uranium-235. However, both uranium-238, 
the main constituent of natural uranium, and thorium can be converted into 
reactor fuel. 

1.13. When uranium-238 and normal thorium (thorium-232) capture neutrons 
they do not, in general, suffer fission, but yield products that undergo spontane- 
ous changes leading to the formation of fissionable nuclei. In this way, the two 
inactive species, called fertile materials, are converted into different elements, 
plutonium-239 and uranium-233, respectively, which are fissionable and are 
capable of acting as nuclear fuels. 

1.14. It will be recalled (§ 1.8) that, when a nucleus suffers fission, two or 
three neutrons are emitted, but one only is required to maintain the chain re- 
action. Hence, if there were no losses, a neutron (or neutrons) would be avail- 
able for the conversion of a fertile nucleus into a fissionable one, as described 
above. As stated earlier, some neutrons are inevitably lost, in one way or 
another, but it is possible to design a reactor which can produce energy and, at 
the same time, change fertile material into fuel. It is in this manner that the 
essentially inactive uranium-238 and thorium-232 occurring in nature can be 
converted into fissionable material. 


Processinac oF Reactor FuEL 


1.15. It would thus appear, at first sight, that since the fissionable nuclei, as 
they are consumed by fission, can be replaced by a more or less equivalent (or 
possibly greater) number of other such nuclei, at the expense of inactive fertile 
material, the reactor would continue to operate without refueling, at least as long 
as fertile material remained. Unfortunately, this is not the case. In the fore- 
going argument, the effect of the products of fission — the “ashes” of the nu- 
clear furnace — has been overlooked. As the reactor operates, the fission prod- 
ucts, consisting of a considerable number of different nuclei, accumulate. All 
of these nuclei are able to capture neutrons and so they compete with the fission 
process. In due course the proportion of neutrons lost in this manner becomes 
so large that the nuclear fission chain can no longer be sustained. 

1.16, Consequently, from time to time, the reactor fuel must be removed and 
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processed so as to separate the accumulated fission products. In addition, di- 
mensional and structural changes in the fuel units, due to the continued action 
of various radiations (§ 1.26), may make it necessary to refabricate them from 
time to time. As a rough indication, it may be assumed that treatment is nec- 
essary when 1 per cent of the fertile material has been consumed. This means 
that the reactor fuel, consisting of both fertile and fissionable nuclei, would have 
to be processed about a hundred times before all the fertile material could be 
utilized as a source of energy. Thus, the initial price of less than $100 per lb for 
natural uranium or thorium, referred to in § 1.5, actually represents a fraction 
only of the total cost of these elements if they are to be effectively used as nu- 
clear fuels. 


Cost or NucLEAR PowER 


1.17. As a result of a failure by certain writers to understand the situation, 
it has sometimes been implied that extensive utilization of nuclear fission will 
make available an extremely cheap source of electric power. That this cannot 
be the case, within the boundaries of present knowledge, follows from the fact 
that distribution accounts for 65 to 75 per cent of the cost of electricity to the 
consumer. All that nuclear fission can do, as far as can now be seen, is to replace 
the fuel, e.g., coal, oil or gas, or water power, in the production of electricity. 
Consequently, even if there were no charge for the nuclear fuel, the ultimate 
cost of electric power supplied to the consumer could be reduced by no more 
than about 15 to 20 per cent. 

1.18. It is doubtful whether power from nuclear energy can be generally 
competitive with electric power from conventional sources during the next 10 
or 20 years. However, in due course, as nuclear technology develops, which it 
undoubtedly will, and fossil fuels become scarcer, it is very probable that nu- 
clear reactors will supply power at a price equal to or less than that from other 
sources. It should not be forgotten also that, as far as the near future is con- 
cerned, there are circumstances when the cost of power is of secondary signifi- 
cance and its availability is of prime importance. 

1.19. Such considerations justify the use of nuclear reactors to supply the 
propulsive power for submarines, naval ships, or military aircraft. Since a 
nuclear reactor does not require oxygen, a nuclear-powered submarine can re- 
main submerged for long periods. Further, naval vessels and aircraft using 
nuclear power will be able to travel great distances without refueling, because 
of the very large energy content of the nuclear fuel. The tremendous saving in 
the weight of fuel will more than compensate for the mass of the reactor and 
its accessory equipment. 

1.20. The higher cost of nuclear power might be discounted in remote regions 
where neither coal, oil, nor water is available. In such areas power might be 
required for the extraction of valuable metals, for example, thus saving the cost 
of transporting the ore, Remote military bases are now dependent upon tankers 
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to supply oil fuel; under these conditions nuclear power might be advantageous, 
especially in wartime when shipping is subject to attack. Finally, nuclear re- 
actors might be justifiable in mobile power stations for use in emergencies or 
disasters, either in peace or war. 


PROBLEMS OF REACTOR DESIGN 


1.21. In view of the possible applications of nuclear power, even at the present 
time, it might be wondered why developments have apparently been so slow. 
This is not due to any shortage of ideas concerning reactor designs. Because 
there are a number of variable factors among which a choice may be made, there 
are many acceptable solutions to the problem of designing a nuclear reactor. 
However, lack of experience makes it impossible to say which of these will be 
best for a given set of conditions. 

1.22. Consider, for example, the two reactors constructed for use in a sub- 
marine, namely, the Submarine Thermal Reactor (STR) and the Submarine 
Intermediate Reactor (SIR). In the STR the fission chain is maintained by 
neutrons of relatively low (thermal) energies and the heat is removed by water 
under pressure. In the SIR, on the other hand, neutrons of intermediate energy 
cause most of the fissions, and the heat-transfer agent is molten sodium. Each 
system is known to have both advantages and disadvantages relative to the 
other, but until both reactors are operated it cannot be said which design will 
prove to be the better. 

1.23. Another illustration of the present uncertainty in choosing an optimum 
design is provided by the studies made in 1952 by four groups of industrial con- 
cerns.* Although all had access to the same information, the designs proposed 
for a dual-purpose reactor, that is, one which would produce power at a not 
unreasonable cost and also plutonium for military purposes, differed very mark- 
edly. 


PROBLEMS OF REACTOR MATERIALS 


1.24. The general scientific principles upon which reactor design is based are 
now well established as will be seen in this book, but there are many problems 
of a technological nature that have not been completely resolved. It is a well- 
known principle of thermodynamics that, in order to secure good efficiency, 
heat should be available at high temperatures; in modern boilers, for example, 
steam temperatures of 1050°F (565°C) are attained. If such high temperatures 


*The four original groups were: Commonwealth Edison Co. and Public Service Co. of 
Northern Illinois; Dow Chemical Co. and Detroit Edison Co.; Monsanto Chemical Co. and 
Union Electrie Co.; Pacific Gas and Electric Co. and Bechtel Corp. A declassified version 
of the reports made by these companies has been issued under the title of ‘(Reports to the U. 8. 


Atomic Mnergy Commission on Nuclear Power Reactor Technology,’ U.S. Government 
Printing Office, May, 1958, By the end of 1954, nearly twenty groups, involving a large 
number of companies, had been approved for participation in nuclear energy studies of interest 


to industry, 
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are to be produced in the heat exchanger associated with a nuclear reactor, the 
latser must be operated above 1100°F. In this vicinity, however, metallic ura- 
nium undergoes a phase transition with an accompanying change in density. 
Reactor fuel elements made of uranium would then change in size and shape, 
resulting in distortions which cannot be tolerated. Suggestions have been made 
for the use of molten fuels, either in the form of uranium alloys or of mixed salts, 
bu; the handling of such liquids at high temperature is obviously not a simple 
matter. It is possible that the best over-all economy in the production of nu- 
clear power will be obtained with steam at lower temperatures (and pressures) 
then in modern, conventional generating plants. 

1.25. Materials used in reactor construction must satisfy much more stringent 
requirements than do those employed in conventional boilers. In addition to 
great strength, resistance to stress deformation, and ability to withstand high 
temperatures, reactor materials must not capture neutrons to any appreciable 
extent. If they do, they will cause serious interference with the propagation 
of the nuclear-fission chain (§ 1.9). This requirement means not only the use 
of special materials, but that they may have to be of very high purity. Thus, 
the relatively uncommon metal zirconium has many qualities which make it 
valuable in reactor construction; however, in nature, the closely related element 
hafnium, with a considerable ability to capture neutrons, is invariably associated 
with zirconium. Unless special steps are taken to obtain the latter free from 
hainium, it is, therefore, useless for reactor work. 

1.26. Another restriction upon reactor materials, which does not arise in con- 
ventional practice, is the ability to withstand the continuous bombardment of 
various nuclear radiations, including neutrons, present in the reactor. Such 
raciations can change the internal structure of solids, with the result that their 
physical and mechanical properties may be seriously affected. Materials must 
therefore be developed that are not susceptible to what is called “radiation 
damage.” 


Heat RemovaLt PROBLEMS 


1.27. Since the reactor is essentially a device for producing heat, this heat 
must be continuously removed in some manner. In general, a fluid heat- 
transfer medium (or coolant) would be circulated through the reactor and then 
through a heat exchanger in which steam is produced. A satisfactory coolant, 
therefore, must be a fluid that, in addition to having good heat-transfer prop- 
erties, is stable both to high temperatures and to the action of radiations, and 
it must have little tendency to capture neutrons. Since the coolant is circulated 
through the reactor and heat exchanger it should be noncorrosive and nonerosive, 
and should require relatively low pumping power. 

1.28. One of the unusual features of a nuclear reactor is that, in principle, the 
power output is independent of its size; it is determined essentially by the rate 
at which heat oan be removed from the system. A small reactor could be de- 
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signed to produce large amounts of power, provided extremely high heat-transfer 
rates could be achieved. The development of relatively compact reactors with 
high power density thus depends upon the solution of unusual heat-transfer 
problems. 

1.29. Instead of employing stationary fuel elements and a circulating coolant, 
reactors have been designed with circulating fuel consisting of a molten alloy 
of uranium, a mixture of fused salts, or an aqueous solution of a uranium com- 
pound. If the fuel is passed directly through a heat exchanger, it could be 
utilized to produce steam without the intervention of a coolant. This approach 
is promising, although it involves pumping the intensely radioactive liquid fuel 
at high temperatures and, possibly, high pressures. In addition, loss of valuable 
neutrons occurs in the circulating system outside the reactor. 

1.30. The use of liquid fuels has attracted interest because it would simplify 
processing after the fission products have accumulated to such an extent that 
further operation of the reactor is not possible. A solid fuel element must be 
dissolved and then refabricated after purification. It was indicated above that 
the frequent processing of reactor fuel, which is necessary if extensive use is to 
be made of the available uranium and thorium supplies, will add considerably 
to the cost of nuclear power. Technological progress in the direction of simplify- 
ing fuel processing is thus essential if nuclear power is to be an economic pos- 
sibility. 


Sarpty ProspieMs IN Reactor DESIGN 


1.31. The safety aspects of a nuclear reactor system differ from those gen- 
erally familiar to engineers because of the emission of hazardous radiations, 
consisting partly of neutrons and partly of beta and gamma radiations from the 
fission products. The fission product radiations, in particular, persist, although 
with steadily decreasing intensity, for a long time after the reactor is shut down 
or the spent fuel elements are discharged. Operating personnel must be pro- 
tected from the radiations by suitable shielding, which may consist of 6 ft or 
more of concrete. This shield adds considerably to the size and weight of the 
reactor, and so represents one of the major difficulties in the design of a mobile 
nuclear power plant. 

1.32. Special methods must be devised for loading the reactor with fresh fuel 
elements and for their removal after a specified period of operation. The proc- 
essing of the spent fuel may have to be carried out by remote control, and some 
way must be found for disposing of the radioactive residues, consisting mainly 
of fission products for which there is at present little use. 

1.33. There is always a possibility that a nuclear reactor might accidentally 
go out of control. Heat would then be generated by fission faster than it can 
be removed by the coolant and, as a result, the temperature would rise. In 
general, reactors are designed so as to have a negative temperature coefficient; 
that is to say, as the temperature increases they tend to shut themselves down. 
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Nevertheless, a local rise of temperature might lead to damage to the reactor 
and possibly to the escape of radioactive material. In order to reduce the 
chances of this happening, numerous automatic safety devices are included in 
the reactor design. These must be sensitive enough to shut the reactor down 
quickly at the first indication of a fault in its operation, but not so sensitive 
that they prevent the reactor from functioning continuously in spite of inevitable 
transient fluctuations. 

1.34. Liquids and gases which traverse the reactor, either as coolants or for 
other purposes, are likely to become radioactive. Hence auxiliary equipment, 
such as pumps, blowers, valves, heat exchangers, etc., must be capable of operat- 
ing for long periods without maintenance, or if maintenance is essential it must 
be performed by remote control. Such equipment must be absolutely liquid- and 
gas-tight, for even small leakages, which would be tolerable in other instances, 
cannot be permitted. 

1.35. In most engineering developments, structural parts or equipment which 
fail during operation can usually be replaced without difficulty. Because of the 
radiation hazard, however, this is not true for nuclear reactors. Consequently, 
much more analytical design work and preliminary testing of various compo- 
nents are necessary in reactor construction, so that the chances of failure after 
assembly are reduced to a minimum. Further, the design must always be such 
that if, in spite of all precautions, a failure does occur, it will not have serious 
consequences. 


PRoBLEMS OF REACTOR DEVELOPMENT 


1.36. It should be apparent from the preceding paragraphs why there is much 
uncertainty, as indicated in § 1.21, concerning the best designs for nuclear re- 
actors. It is because there are still a large number of problems of a technological 
character, in connection with reactor construction, to which the most satisfactory 
solutions are not yet known. The necessary information can be obtained only 
by actually building and operating reactors of various types, and it is the high 
cost of even the simplest of such reactors that accounts for the relatively slow 
development of nuclear power. 

1.37. There is no general agreement as to the probable cost of a complete elec- 
trical power plant utilizing nuclear energy, but estimates range from $200 to 
$1000 or more per kilowatt of capacity. A full-scale nuclear power plant, with 
a capacity of 60,000 kw of electricity, sufficient to supply the present require- 
ments of an average American city of nearly 100,000 population, is under con- 
struction at Shippingport, Pa. A sum of $85,000,000 has been allotted by the 
U. 8. Atomie Energy Commission for this plant, but much of the expenditure 
is needed for development work so that the cost per kilowatt is exceptionally 
high. However, when the plant is in operation, by about 1957, answers should 
be available to some, but by no means to all, of the unsolved problems of reactor 
tochnology. 
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1.38. The foregoing discussion has referred, in particular, to power reactors 
since these are probably of greatest interest to engineers, both at present and 
in the future. The remarks concerning operation, design, and construction ap- 
ply, nevertheless, to reactors of other types. Several reactors, in the United 
States and in other countries, are being used for experimental work with neutrons 
that has no obvious connection with power production. In addition, some nu- 
clear reactors serve to produce radioactive isotopes for various applications in 
research and industry. 

1.39. Reactors have also been built to try out various ideas which might be 
utilized in nuclear power plants and to test the radiation stability of construc- 
tional materials for such plants. Finally, mention may be made of many pro- 
duction reactors whose sole (or main) purpose is to make fissionable material, 
e.g., plutonium, for weapons, with little or no use being made of the heat gen- 
erated. The dual-purpose reactors considered by the industrial groups, referred 
to in § 1.23, would produce plutonium and also utilize the heat for power gen- 
eration. 


NucieaR Reactor ENGINEERING 


1.40. The field of endeavor which encompasses the design, construction, and 
operation of all types of reactors and their associated auxiliaries is referred to as 
nuclear reactor engineering. It should be emphasized that reactor engineering 
is based upon well-established aspects of engineering, although their application 
is somewhat novel in character and is restricted by the limitations arising from 
the nature of the fission process. In order that trained engineers may be able 
to apply their knowledge and experience to solving the problems outlined above, 
it is necessary that they understand the basic principles underlying the proc- 
esses and reactions which make possible the release of nuclear energy. It is the 
main purpose of this book to elucidate these principles. 

1.41. In the remainder of this introductory chapter, the broad fundamentals 
of reactor design and operation will be reviewed. It is hoped thereby to present 
a general over-all picture of the many factors which must be taken into considera- 
tion in the construction of a nuclear reactor. It will be apparent that the com- 
plete design of a reactor represents a cooperative effort in which biologists, 
chemists, mathematicians, and physicists work with engineers. Hence, it is 
desirable that the nuclear reactor engineer be familiar with those aspects of the 
various branches of science having a direct bearing upon the solution of reactor 
problems. 


ATOMIC STRUCTURE 


Aromic NumBer AND Mass NuMBER 


1.42. The operation of a nuclear reactor depends upon various interactions of 
neutrons with atomic nuclei. In order to understand the nature and charac- 
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teristics of these reactions it is desirable to consider briefly some of the funda- 
mentals of atomic and nuclear physics.* 

1.43. An atom consists of a positively charged nucleus surrounded by a num- 
ber of negatively charged particles, called electrons, so that the atom as a whole 
is electrically neutral. Atomic nuclei are built up of two kinds of primary par- 
ticles, namely, protons and neutrons. The proton carries a single unit positive 
charge, equal in magnitude to the electronic charge. It is, in fact, identical with 
the nucleus of a hydrogen atom, i.e., a hydrogen atom minus its single electron. 
The mass of the proton is 1.00758 atomic mass units (amu).f The neutron is 
an electrically neutral particle carrying no charge; its mass is 1.00897 amu. 

1.44. For a given element, the number of protons present in the atomic nu- 
cleus, which is the same as the number of positive charges it carries, is called 
the atomic number of the element and is usually represented by the symbol Z. 
It is identical with the ordinal number of the element in the familiar periodic 
table of the elements. Thus the atomic number of hydrogen is 1, of helium 2, 
of lithium 3, and so on, up to 92 for uranium, the element of highest atomic 
weight existing in nature to any appreciable extent. A number of heavier ele- 
ments have been made artificially; of these, plutonium, atomic number 94, is 
important in connection with the release of nuclear energy. 

1.45. The total number of protons and neutrons in an atomic nucleus is called 
the mass number of the element and is denoted by A. The number of protons 
is Z, as stated above, and so the number of neutrons in the atomic nucleus is 
A —Z. Since the masses of both neutron and proton are close to unity, on the 
atomic mass scale, it is evident that the mass number is the integer nearest to 
the atomic weight of the species under consideration. 


IsoTOPES 


1.46. It is the atomic number, i.e., the number of protons in the nucleus, 
which determines the chemical nature of an element. This is so because the 
chemical properties depend on the (orbital) electrons surrounding the nucleus, 
and their number must be equal to the number of protons, since the atom as a 
whole is electrically neutral. Consequently atoms with nuclei containing the 
same numbers of protons, i.e., with the same atomic number, but with different 
mass numbers, are essentially identical chemically, although they frequently 
exhibit marked differences in their nuclear characteristics. Such species, having 
the same atomic number but different mass numbers, are called isotopes. They 
are, in general, indistinguishable chemically, but have different atomic weights. 

1.47. The element uranium, which is at present the most important for the 
release of nuclear energy, exists in nature in at least three isotopic forms, with 
mass numbers 234, 235, and 238, respectively. It is usual to distinguish among 


* See also, 8, Glasstone, ‘Sourcebook on Atomic Energy,” D. Van Nostrand Co., Inc., 1950. 
+ An atomic mass unit is 1,660 < 10- gram, The actual mass of any atom is equal to 
ite (physical) atomic woight in mass unite, 
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the different isotopes of an element by writing the mass number after the name 
or symbol; thus, the heaviest isotope of uranium would be represented as 
uranium-238, U-238, or U**. The proportions in which the isotopes occur in 
natural uranium and the weights of the respective atoms are given in Table 1.1. 
It is seen that uranium-238 is by far the most abundant isotope, but all natural 
uranium contains a little over 0.7 per cent of uranium-235. Both of these iso- 
topes play significant parts in the field of nuclear energy. The proportion of 
uranium-234 is so small that it can be ignored. 


TABLE 1.1. ISOTOPIC COMPOSITION OF NATURAL URANIUM 


Atomic Mass 
Mass Number Per Cent (amu) 
234 0.006 234.11 
235 . 0.712 235.12 
238 99.282 238.12 


1.48. Another element which may ultimately prove to be important from the 
nuclear energy standpoint is thorium, atomic number 90. This occurs in nature 
almost entirely as a single nuclear species, with mass number 232. There are 
traces of other isotopic forms, but their proportions are negligible. 


INTERACTIONS OF NEUTRONS WITH NUCLEI 


SCATTERING PROCESSES 


1.49. The release of nuclear energy in a form capable of practical utilization 
results from a particular type of interaction of neutrons with a very few nuclear 
species, one of which is uranium-235. Neutrons can be obtained in the free 
state, ie., outside atomic nuclei, in various ways (§ 2.71). Because they are 
uncharged, they suffer no electrical repulsion, as do positively charged particles, 
when they approach an atomic (positively charged) nucleus. Consequently, 
whereas charged particles, e.g., protons, must have large amounts of kinetic en- 
ergy to overcome the repulsive electrical forces before they can interact with 
atomic nuclei, neutrons can take part in nuclear reactions when they have very 
little kinetic energy. 

1.50. When produced in the free state, by ejection from atomic nuclei, neu- 
trons almost invariably have high energies, usually of the order of 1 to 10 million 
electron volts (Mev).* Since the mass of a neutron is roughly 1 amu, i.e., about 
1.7 X 10-* gram, it can be readily calculated that these high-energy neutrons 
move with velocities of the order of 10° cm/sec, i.e., about one tenth of the ve- 
locity of light. Such neutrons are consequently called fast neutrons. 


© In atomic studies, energies are frequently expressed in electron volt units. The electron 
volt, i.e., 1 ev, is the energy acquired by any charged particle carrying a unit charge when it 
passes, without resistance, through a potential difference of 1 volt. It is equivalent to 
1.60 * 10°" erg. The million electron volt (or Mev) unit is 10° ev or 1.60 X 10 erg. 
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1.51. In their passage through matter neutrons collide with atomic nuclei 
and scattering occurs in which there is a transfer of energy from the fast neutrons 
to the relatively slow-moving nuclei. These scattering collisions are of two 
types, namely, inelastic and elastic. In an inelastic scattering process momen- 
tum is conserved, but kinetic energy is not. Part of the kinetic energy of the 
neutron is converted into internal (potential) energy, sometimes referred to as 
excitation energy, of the struck nucleus. Inelastic neutron scattering is related 
to specific properties of the scattering nucleus and, in general, occurs only when 
the kinetic energy of the neutron is fairly large. For elements of moderate or 
high mass number, the neutron must possess about 0.1 Mev of energy, at least, 
if it is to be involved in an inelastic collision process. If the scattering material 
has a low mass number, the required neutron energy is even higher. 

1.52. In elastic scattering there is strict conservation of both momentum and 
energy. Some (or all) of the kinetic energy of the neutron appears, after the 
collision, as kinetic energy of the struck nucleus. The process may be treated 
by the laws of classical mechanics, as a “billiard ball” type of collision. In each 
elastic collision with an essentially stationary nucleus, the neutron will transfer 
part (or all) of its kinetic energy to the nucleus and is thereby slowed down. 
For a nucleus of given mass the amount of energy transferred will depend on 
the angle through which the neutron is scattered. For a given scattering angle 
the fraction of the neutron energy transferred and, hence, the extent of slowing 
down will be greater the smaller the mass of the scattering nucleus. 


THERMAL NEUTRONS 


1.53. Below energies of about 0.1 Mev, inelastic neutron collisions do not oc- 
cur, but elastic collisions between neutrons and nuclei will be effective in slowing 
down the neutrons until their average kinetic energy is the same as that of the 
atoms (or molecules) of the scattering medium. This energy depends on the 
temperature of the medium, and hence it is called thermal energy. Neutrons 
whose energies have been reduced to values in this region are designated thermal 
neutrons. The average energy of a thermal neutron is given by 


Average energy of thermal neutrons = 8.6 X 10 7x ev 
= 4.8 X 10> Tr ev, 


where 7'x and Tz are the absolute temperatures of the scattering medium on the 
Kelvin and Rankine scales, respectively. Thus, at ordinary temperatures, i.e., 
about 22°C or 295°K (72°F or 532°R), the average energy of a thermal neutron 
is approximately 0.025 ev. 

1.54. The average speed of a thermal neutron is expressed by 


Average speed of thermal neutron = 1.3 X 10* VT x cm/sec 
= 0.97 X 10! V TR cm/sec, 
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so that at erdinary temperatures it is about 2.2 X 10° cm/sec. The average 
energies and speeds of thermal neutrons at a number of temperatures are given 
in Table 1.2. 


TABLE 1.2. AVERAGE SPEEDS AND ENERGIES OF THERMAL NEUTRONS 


Temperature 
___ Energy Speed 
(°C) (°F) (ev) (cm/sec) 
25 V7 0.026 2.2 X 10° 

200 392 0.041 2.8 

400 752 0.058 3.4 

600 1112 0.075 3.8 

800 1472 0.092 4.2 


1.55. In nuclear reactor work, the term fast neutrons is applied to neutrons 
having energies of about 0.1 Mev, ie., 105 ev, or more. Those with energies 
from 10° ev down to 1 ev are called intermediate neutrons, whereas those having 
energies below about 1 ev are referred to as slow neutrons. Thermal neutrons 
are slow neutrons which are in thermal (or molecular kinetic) equilibrium with 
their surroundings. Neutrons with energies just above the thermal region, i.e., 
in the low intermediate range, are sometimes named epizthermal neutrons. 

1.56. The slowing down of neutrons plays an important part in many nuclear 
reactors, and the material used for the purpose is called a moderator. The proc- 
ess of slowing down as a result of scattering collisions is referred to as moderation. 
A good moderator is a material which reduces the speed of fast neutrons in a 
small number of collisions. Consequently, materials consisting of atoms of low 
mass number (§ 1.45) are the best moderators. Ordinary water (H,O), heavy 
water (D.0), beryllium, beryllium oxide, and carbon have been employed as 
moderators in various reactors. The fact that helium is a gas makes its use as a 
moderator impractical in a nuclear reactor. A good moderator must not absorb 
neutrons to any extent; for this reason the light elements lithium and boron are 
ruled out. 


RADIATIVE CAPTURE REACTIONS 


1.57. Neutrons can take part in several different types of capture reactions 
with atomic nuclei, but only two, which are important in nuclear reactors, will 
be considered here. In one type of reaction, called radiative capture, the nucleus 
captures the neutron and forms what is called a compound nucleus in a high- 
energy (or excited) state. The excess energy is then emitted in the form of 
electromagnetic radiation, referred to as capture gamma rays, so that the com- 
pound nucleus is left in its normal (or ground) state. The process may be rep- 
resented symbolically by the equation 


sX4 + gn! —> [2¥44]*  gY44t +, 
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where X is the nucleus undergoing reaction, n represents the captured neutron, 
and Y is the compound nucleus formed as a result of the capture. The sub- 
scripts indicate the number of positive charges, or protons, i.e., the atomic 
number Z for the nucleus X and zero for the neutron. The superscripts give 
the number of neutrons plus protons, i.e., the mass number A for the nucleus X 
and unity for the neutron. In any reaction, the sum of the subscripts as well as 
that of the superscripts must remain unchanged. The excited (high-energy) 
compound nucleus is marked by an asterisk, and y represents the gamma radia- 
tion emitted. 

1.58. The product Y of the radiative capture reaction is seen to be an isotope 
of X, since it has the same atomic number Z, but with a mass number one unit 
greater. In many cases, the Y nucleus is somewhat unstable and exhibits the 
phenomenon of radioactivity. It undergoes spontaneous change, at a definite 
exponential rate (§ 2.5), into another type of nucleus, at the same time emitting 
certain characteristic radiations. In the case under consideration the nuclear 
radiations almost invariably consist of electrons, referred to in this connection 
as negative beta particles,* frequently accompanied by gamma rays which carry 
off excess energy. The beta particle bears a single negative charge and has a 
mass of about 0.00055 amu; its mass number is thus taken as zero. The product 
of radioactive beta decay is then a nucleus with the same mass number as its 
parent, but with a positive charge (or atomic number) one unit greater, as will 
be seen shortly. In some instances the decay product is itself radioactive and 
undergoes a further stage of beta decay, as described below. 

1.59. Radiative capture reactions are designated by the symbol (n, y), imply- 
ing that a neutron is captured and a gamma ray is emitted in the process. 
Several such reactions occur in nuclear reactors, and two of special interest will 
be mentioned here. The first is the capture of neutrons by uranium-238, the 
most abundant naturally occurring isotope of this element (see Table 1.1); the 
(n, y) process may be represented as 


U8 + yn? — 90 + x. 


The resulting nucleus, uranium-289, is radioactive and decays with the emission 
of a negative beta particle, indicated by —,8° (charge —1, mass number zero); 
thus, 

U2 — _,8° + 9,Np, 


the product being an isotope of an element of atomic number 93, called neptu- 
“The emission of electrons from a radioactive nucleus does not mean that these particles 


are actually present as such in the nucleus. They are believed to arise from the transforma- 
tion within the nucleus of a (neutral) neutron into a (positive) proton plus a (negative) elec- 


tron; the proton remains in the nucleus and the electron is expelled as beta radiation. It is 
wobable that at the same time another (neutral) particle of very small mass, called a neutrino, 
W produced which carries off a large proportion of the energy accompanying the beta-decay 


procenn, 
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nium, Np, which does not exist in nature to any detectable extent. Neptunium- 
239 is also beta-active and decays fairly rapidly, according to the process 


NP? > a8? > oa, 


to form the isotope Pu? of the element of atomic number 94, called plutonium. 

1.60. The element plutonium occurs in nature in the merest traces only. 
Nevertheless, plutonium-239, which may be regarded as an isotope of an arti- 
ficial element, is being made in appreciable quantities in the nuclear reactors at 
Hanford, Washington, and will also be produced at the Savannah River plant, 
near Aiken, South Carolina. It is obtained from uranium-238, as a result of 
radiative capture of neutrons, released in reactors, followed by two relatively 
rapid stages of beta decay, as stated above. Plutonium-239 is also radioactive, 
although it decays quite slowly; it expels alpha particles, which are, in fact, 
identical with helium nuclei, since they have a mass of four units and carry a 
double positive charge. The importance of plutonium-239 lies in the fact that 
it can be used for the release of nuclear energy both in atomic bombs and in 
nuclear reactors. 

1.61. A series of processes similar to that just described is initiated by the 
(n, y) reaction with the naturally occurring thorium-232; thus, 


Th + gn! —> Th +, 


so that the product is the isotope thorium-233. This undergoes two successive 
stages of beta decay, the first being 


oo Th? —> _,8° + 9,Pa, 
where Pa? is the symbol for protactinium-233, and the second 
o1Pa?3 —> _,6° + U8, 


so that the product is uranium-233, an isotope of this element which does not 
occur in any appreciable amount in nature. Like plutonium-239, it emits alpha 
particles at a relatively slow rate, and, although it is not yet being made in 
quantity, it is likely to play a significant part in the release of nuclear energy. 

1.62. The radiative capture process has been illustrated here by reference to 
two elements of high atomic number, but essentially all the elements, from 
hydrogen to uranium, undergo the reaction to a greater or lesser extent. Thus, 
with hydrogen the process is 


ay gt Ht ys 


the product, represented here by the symbol H?, is the stable, heavier isotope 
of hydrogen, i.e., deuterium, frequently called “heavy hydrogen.” Although 
this reaction is not used to make deuterium, it is significant in certain aspects of 
nuclear reactor design. 
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Rates or NucLeAR REACTIONS 


1.63. The rates of nuclear reactions are conveniently expressed by making use 
of a quantity called the nuclear cross section, represented by the symbol ¢. This 
quantity is of great importance and will be considered more fully in Chapter IT, 
but for the present it is sufficient to say that the cross section for a reaction is a 
measure of the probability of the occurrence of that reaction under prescribed 
conditions. It is a specific property of the nucleus for a particular reaction 
with incident particles, e.g., neutrons, of a given energy. 

1.64. Determinations of the cross sections for radiative capture reactions re- 
veal some interesting facts. Although the actual capture cross sections for 
neutrons of a given energy vary greatly from one nuclear species to another, they 
generally show a similar trend as the neutron energy is changed. The capture 
cross sections are relatively high for neutrons of low energy, i.e., for slow neu- 
trons, and are appreciably lower for neutrons of high energy, i.e., for fast. neu- 
trons. Because many slow-neutron reactions with atomic nuclei (not only 
radiative capture) occur more rapidly than do those with fast neutrons, the latter 
are often slowed down deliberately, in order to increase the probability of inter- 
action. This is the purpose of the moderating process, referred to above, used in 
many nuclear reactors. 

1.65. In the slow-neutron region, the capture cross section decreases with in- 
creasing neutron velocity in such a manner that the so-called ‘1/v law’’ is obeyed. 
That is to say, in this region, the cross section is inversely proportional to the 
velocity, v, of the neutron relative to that of the nucleus. Physically, this may 
be thought of as implying that the probability of interaction between a given 
nucleus and a neutron is determined by the time, which is proportional to 1/2, 
spent by the neutron in the vicinity of the nucleus. 

1.66. In the low intermediate range, e.g., for neutrons of about 1 to 1000 ev 
energy, especially for elements of moderate and high mass number, there are 
often specific energies for which the rate of a given nuclear reaction, and hence 
the cross section, is exceptionally large. The phenomenon is attributed to what 
is called resonance (§ 2.132). Neutrons having energies equal (or close) to the 
resonance value (or values) have a much greater probability of undergoing the 
given reaction than do those with somewhat higher or lower energies. Uranium- 
238, for example, exhibits three marked resonances for neutrons with energies 
of 6.5, 21, and 36 ev, respectively, as well as a number of others (see Fig. 2.18). 


THE RELEASE OF NUCLEAR ENERGY 


Turn Nuciear Fission Process 


1.67. The second type of neutron reaction of immediate interest is nuclear 
fission, or, in brief, fission, In the fission process the nucleus absorbs a neutron 
and the resulting compound nucleus is so unstable that it immediately breaks 
up into two parts of more or less equal mass, called fission fragments, There 
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are many different ways in which fission of a particular nucleus takes place, 
although in only a small fraction of the fissions does the nucleus break up in 
a symmetrical manner. Consequently, there are many different fission frag- 
ments formed when a particular nucleus undergoes fission. Most of the frag- 
ments are radioactive, decaying at different rates, with the emission of negative 
beta particles and gamma radiation, to form products which are themselves usu- 
ally radioactive. In the fission of uranium-235, for example, there are formed 
more than 80 primary products, with mass numbers ranging from 72 to 160. 
Each of these undergoes, on the average, three stages of radioactive decay before 
being converted into a stable nucleus. Asa result, there are over 200 radioactive 
isotopes of 30 or more different elements present among the fission products 
after a short time. 

1.68. Nuclear fission as a result of neutron capture occurs only with the 
heaviest elements, those of special interest being thorium, uranium, and pluto- 
nium. Whereas certain isotopes, notably uranium-233, uranium-235, and plu- 
tonium-239, undergo fission with slow, e.g., thermal, neutrons, as well as with 
fast neutrons, others, such_as_thorium-232 and uranium-238, require fast neu- 
trons to cause fission. Where fission is possible by slow neutrons, the variation. 
of fission cross section with neutron energy is similar to that described in § 1.64. 
In general, the cross section is largest for thermal neutrons; it then decreases with 
increasing neutron energy, according to the 1/v law, and becomes relatively 
small for fast neutrons. 

1.69. For thorium-232 and uranium-238, there is a fairly sharp energy thresh- 
old at about 1 Mev; neutrons with energy less than this amount are unable to 
cause fission to any appreciable extent. Nevertheless, it is of interest to note 
that both of these species, and especially the latter, undergo spontaneous fission. 
Thus, in 1 gram of uranium-238 about 24 nuclei suffer spontaneous fission per 
hour. This fact is of significance in connection with the start-up of certain re- 
actors. 

1.70. There are good theoretical reasons for believing that nuclei capable of 
undergoing fission by slow neutrons, but which are otherwise reasonably stable, 
are those of high mass number having odd numbers of neutrons. The only 
nuclear species existing in nature to any appreciable extent which satisfies these 
requirements is uranium-235. Since its mass number, i.e., number of neutrons 
plus protons, is 235, and its atomic number, i.e., number of protons, is 92, it has 
an odd number of neutrons, i.e., 235 — 92 = 148, in its nucleus. The artifi- 
cially prepared uranium-233 and plutonium-239 also have odd numbers of neu- 
trons and are fissionable by slow neutrons. It seems unlikely that any other, 
relatively stable, substances having this property will be available in sufficient 
quantities to be of practical interest. 

1.71. From the point of view of the utilization of nuclear energy, the impor- 
tance of fission lies in two facts. First, the process is associated with the release 
of considerable amounts of energy, and second, the reaction initiated by neutrons 
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is also accompanied by the liberation of neutrons. It is thus possible, under 
proper conditions, for the process to be self-sustaining and for energy to be gen- 
erated continuously, once the fission reaction has been started. These two as- 
pects of fission, which are fundamental to the operation of nuclear reactors, will 
be considered in reverse order. 


RELEASE OF NEUTRONS IN FISSION 


1.72. Most of the nuclear fragments formed when fission occurs have too 
many neutrons for stability, and so there will be a tendency for some of them to 
expel neutrons almost instantaneously. These are the neutrons which appear 
to accompany the fission process. The average number, v, of neutrons liberated 
for each thermal neutron absorbed in a fission reaction by uranium-235 and 
plutonium-239 is given in Table 1.3. It will be noted that the numbers of neu- 


TABLE 1.3. AVERAGE NUMBER OF NEUTRONS LIBERATED 
PER THERMAL NEUTRON ABSORBED IN FISSION 


Fissionable Nucleus Number of Neutrons (v) 


Uranium-235 2.5 + 0.1 
Plutonium-239 3.0 + 0.1 


trons liberated are not integers. This is because the nucleus splits in many 
different ways, as already mentioned, and, although the number of neutrons 
expelled in any individual act of fission must be integral, the average is not 
necessarily a whole number. 

1.73. The neutrons emitted as a result of the fission process can be divided 
into two categories, namely, prompt neutrons and delayed neutrons. The prompt 
neutrons, which constitute over 99 per cent of the fission neutrons, are released 
within an extremely short interval of time, probably about 10-“ sec (or less), 
of the instant of fission. The energies of these neutrons cover a considerable 
range, from over 10 Mev down to quite small values; the majority, however, 
have energies of about 1 to 2 Mev (§ 2.166). 

1.74. Whereas the expulsion of the prompt neutrons ceases immediately after 
fission, the delayed neutrons, as their name implies, are emitted over a period 
of a few hours, the intensity falling off rapidly with time. The delayed neutrons 
accompanying fission fall into five major groups. The rate of decay of the in- 
tensity in each delayed-neutron group is exponential, as it is for radioactive 
change. The same five groups of delayed neutrons accompany the fission of 
uranium-233, uranium-235, and plutonium-239, although the total fraction of 
delayed neutrons and their distribution among the groups are different in each 
case. It is of special interest to note that the properties of the delayed neutrons 
have an important bearing on the time-dependent behavior of nuclear reactors. 
Were it not for these neutrons, the safe control of nuclear reactors would be 
much more difficult than it is, 
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ENERGY oF Fission 


1.75. The fission process is remarkable for the magnitude of the energy re- 
leased; it is about 200 Mev for each nucleus undergoing fission, which may be 
compared with a few electron volts for each atom reacting in chemical processes, 
such as the combustion of coal or oil. The large energy release in fission is 
associated with the fact that the products of the reaction have an appreciably 
smaller total mass than that of the nucleus undergoing fission plus the neutron 
causing fission. Because of the equivalence of mass and energy, which has now 
been firmly established from the study of many nuclear processes, the consider- 
able decrease of mass in the fission reaction must be accompanied by the libera- 
tion of a large amount of energy. 

1.76. The relationship between the energy # and the equivalent mass m is 
given by the Einstein equation 

E = me, (1.76.1) 


where c is the velocity of light. If m is in grams, and c in cm/sec, i.e., 3 X 10” 
cm/sec, then £ will be in ergs. For the present purpose it is more useful to 
express m in atomic mass units (§ 1.43); equation (1.76.1) then becomes 


E(ergs) = m(amu) X 1.49 X 107. 


As seen in § 1.50, 1 Mev = 1.60 X 10-* erg, and so the energy equivalent is 
expressed in Mev by 
E(Mev) = m(amu) X 931. (1.76.2) 


In other words, 1 amu is equivalent to 931 Mev. 

1.77. The magnitude of the energy released in nuclear fission will be estimated 
for the fission of uranium-235, making the simplifying assumption that the 
products are nuclei with mass numbers 95 and 139, since these are known to be 
obtained in greatest amount. In order to balance the mass numbers, it is evi- 
dent that two fission neutrons are liberated in this case, as may be seen from the 
equation 

U% + ni X% 4 Y139 4 Qn1, 


the neutron on the left side being the one which initiates the fission, and the 
two on the right side those which are formed as a result of fission. 

1.78. The mass of the uranium-235 atom is known to be 235.124 amu, whereas 
that of the neutron is 1.00897 amu, which may be approximated to 1.009 for the 
present purpose. By comparison with known stable species, the masses of the 
two fission products postulated above will be 94.945 and 138.955 amu, respec- 
tively.* Hence the following balance sheet of the masses before and after fission 
may be drawn up: 

* It should be noted that the masses used here are not those of the nuclei, but of the respec- 
tive atoms, which are determined by experiment. The values include the masses of the outer 


(or orbital) electrons, In calculating the decrease of mass in the fission process, the masses of 
the electrons cancel, since they are the same before and after the reaction. 
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Masses Before Fission Masses After Fission 








Uranium-235 235.124 Mass number-95 94.945 
1 neutron 1.009 Mass number-139 138.955 
2 neutrons 2.018 
Total 236.1383 Total 235.918 
Mass converted into energy = 236.133 — 235.918 
= 0.215 amu. 


As seen above, 1 amu is equivalent to 931 Mev, and so the energy released per 
fission is given by 


(0.215) (931) 
198 Mev. 


Energy released per fission 


1.79. Although this calculation was made for one particular mode of fission, 
it may be regarded as quite typical. While there are slight variations from one 
mode to another, it appears, on the whole, that an estimate of about 200 Mev 
of energy released per uranium-235 nucleus undergoing fission is satisfactory. 
The same value may also be taken as applying to the fission of uranium-233 and 
plutonium-239. 


DISTRIBUTION OF Fission ENERGY 


1.80. The major proportion — over 80 per cent — of the energy of fission 
appears as kinetic energy of the fission fragments, and this immediately mani- 
fests itself.as heat. Part of the remaining 20 per cent or so is liberated in the 
form of instantaneous gamma rays and as kinetic energy of the fission neutrons.* 
The rest is released gradually as energy carried by the beta particles and gamma 
rays emitted by the radioactive fission products as they decay over a period of 
time. 

1.81. The approximate distribution of the fission energy, which may be re- 
garded as applying to all three of the important fissionable species, is given in 
Table 1.4. The energy represented by the items in the first three lines is released 


TABLE 1.4. DISTRIBUTION OF FISSION ENERGY 


Mev 

Kinetic energy of fission fragments 168 + 5 
Instantaneous gamma-ray energy Bet 
Kinetic energy of fission neutrons 5 + 0.5 
Beta particles from fission products 7Hi1 
Gamma rays from fission products 641 
Neutrinos ~ 10 

Total fission energy 201 + 6 


* This may be regarded as including the energy of the delayed neutrons, which constitutes 
probably loa than 0,02 per cent of the total fission energy. 
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at the time of fission, whereas that in the next two lines is set free gradually as 
the fission products decay. The (10 Mev) energy of the neutrinos, which ac- 
company the beta radioactivity, is not available for producing power since these 
particles do not interact appreciably with matter. 

1.82. The values in the table give what may be called the primary fission 
energy, of which about 191 Mev is available per fission.* There is a further, 
or secondary, source of energy which arises when fission occurs in a nuclear 
reactor. Some of the excess fission neutrons are captured by the nuclei of vari- 
ous materials, e.g., uranium-238, moderator, coolant, structure, etc., present in 
the reactor, to undergo radiative capture, i.e., (n, y), reactions. Thus neutrons 
are absorbed and energy is released in the form of gamma radiation. Since neu- 
tron capture and emission of gamma radiation occur within a very short time, 
this energy may be regarded as being released instantaneously, i.e., at the mo- 
ment of fission. The energy of the capture gamma radiation will depend on the 
materials present in the reactor, but it may be taken to be 3 to 7 Mev/fission. 
Since the products of the (n, y) reaction are frequently radioactive, perhaps an- 
other 1 or 2 Mev, on the average, may be released over a period of time, as beta- 
particle and gamma-ray energy, while these products decay. The secondary 
energy resulting from radiative capture of some of the fission neutrons is thus 
approximately equal to the energy carried off by neutrinos. The total energy 
available in a reactor is therefore roughly 195 to 200 Mev/fission; the latter 
figure will be used in the subsequent discussion. 

1.83. All the energy released within the reactor, disregarding the neutrino en- 
ergy, is ultimately transformed into heat; the various mechanisms whereby this 
takes place are as follows: 


(1) Transfer of kinetic energy from fission products. 
(2) Transfer of kinetic energy from fission neutrons. 
(3) Deceleration and absorption of beta particles. 
(4) Absorption of gamma rays. 


The conversion of the beta-particle and gamma-ray energies into heat actually 
involves several stages (see Chapter II), but the summarizing statements above 
are sufficient for the present. Since the fission products and the beta particles 
which they emit do not travel very far, the heat they produce may be regarded 
as being released essentially at the point of fission. As the fission neutrons and 
gamma radiations of various kinds, e.g., instantaneous fission gamma rays, cap- 
ture gamma rays, and those accompanying radioactive decay, can travel con- 
siderable distances before absorption, their energy may be liberated at some 
distance from the place where fission occurs. eS 

1.84. Some of the foregoing results are reviewed in Table 1.5, in which is given 
an indication of the heat produced almost instantaneously. and that liberated 


* Measurements in a reactor gave a value of 190 + 5 Mev/fission; see J. L. Meem, Nucle- 
onies, 12, No, 5, 62 (1954). 
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TABLE 1.5. LIBERATION OF HEAT DUE TO FISSION 
Instantaneous Mev 
Energy of fission fragments 168 
Energy of fission neutrons 5 
Instantaneous gamma rays 5 
Capture gamma rays 7 
185 
Delayed 


Beta particles from fission products 
Gamma rays from fission products 
Radiations from capture products 


S| 
alwNnan 


gradually over a period of time. Of the heat liberated instantaneously, about 
90 per cent, i.e., 168 Mev, will be produced at (or near) the point of fission, and 
only 17 Mev elsewhere. But of the delayed heat, the two amounts are approxi- 
mately equal, i.e., about 7 Mev at the place where fission occurs and 8 Mev at a 
distance. 

1.85. There are several interesting conclusions to be drawn from these data 
in connection with the operation of nuclear reactors. In the first place, when 
the reactor is started up, only 185 Mev of heat will be released per fission. In 
the course of time, as the fission products and capture products accumulate and 
decay, the heat will increase gradually to 200 Mev, at which value it will remain 
constant, provided the system is in equilibrium. When the reactor is shut down, 
that is to say, when the fission process is brought to a virtual stop, the delayed 
heat will continue to be released for some time while the various radioactive 
nuclei decay. Only a fraction of this heat — perhaps no more than half — is 
liberated in the fissionable material, the remainder being produced elsewhere, 
e.g., in the moderator, structure, etc. These matters have an important bearing 
on the problems of heat removal from nuclear reactors. 


THERMAL VALUES OF FISSIONABLE MATERIAL 


1.86. In order to convert the fission energy values into practical units, it should 
be recalled that 1 Mev is equal to 1.60 X 10-® erg, and this is equivalent to 
1.60 X 10-8 watt-sec. Hence the total energy (200 Mev) available per fission 
is about 3.2 X 10-" watt-sec, so that it requires 3.1 X 10" fissions to release 1 
watt-sec of energy. In other words, fissions at the rate of 3.1 10” per sec 
produce 1 watt of power, provided the reactor has been operating for some time. 

1.87. One gram atom, ie., the atomic weight expressed in grams, of any 
element contains the Avogadro number, i.e., 6.02 X 10%, of individual nuclei, 
and if all of these undergo fission, the energy liberated would be (6.02 X 10%) 
(3.2 X 107") = 1.9 * 10" watt-sec, ie., 5.8 X 10° kw-hr. This is the amount 
of heat that would be released by the complete fission of 233 grams of uranium- 
233, or 235 gramea of uranium-235, or 239 grams of plutonium-239. Neglecting 
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the relatively small differences between these weights, the results in Table 1.6 
iuy be regarded as applying to the heat produced by the fission of one pound 
of any of these materials.* A useful fact to remember is that the power pro- 


TABLE 1.6. HEAT LIBERATED BY 1 LB 
OF FISSIONABLE MATERIAL 


0.9 X 10 cal 
1.0 X 10’ kw-hr 
2.8 X 101 ft-lb 
3.6 X 10 Btu 


duction corresponding to the fission of 1 gram of material per day would be 
roughly 10° watts, ie., 1 megawatt. 


THE FISSION CHAIN IN NUCLEAR REACTORS 


ConDITIONS FOR SELF-SUSTAINING CHAIN REACTION 


1.88. Since neutrons are produced in the fission reaction initiated by neutrons, 
(his process obviously has the potentialities of a chain reaction. But for appli- 
oation in a nuclear reactor, the chain must be self-sustaining and must not die 
out after a relatively small number of stages. If every neutron liberated when 
(iasion occurs were able to cause fission of another nucleus, there would be no 
doubt that the chain could be maintained, since more than two neutrons are 
voleased, on the average, in each act of fission. It is important to bear in mind, 
however, that, for various reasons, a fraction only of the fission neutrons is avail- 
able, in actual practice, for the initiation of further fission. 

1.89. In the first place, there may not be enough neutrons of sufficient energy 
to maintain the chain. This is the case, for example, for pure uranium-238 or 
(horium-232, which require neutrons of at least 1-Mev energy to cause fission. 
It is true that a large proportion of the fission neutrons do have energy in excess 
of this amount, but as a result of noncapture collisions — particularly inelastic 
vollisions — with atomic nuclei, the energies are quickly reduced below the fis- 
sion threshold values. A self-sustaining chain reaction due to fission of uranium- 
988 or thorium-232 is thus not possible. This situation does not arise with 
\vanium-233, uranium-235, or plutonium-239, since there is no lower limit to 
the neutron energy for fission to occur. 

1.90. Second, it should be noted that neutrons produced by fission can take 
part in various nonfission reactions. Even in pure fissionable material, not all 
the neutrons absorbed will cause fission. This is because there is a definite prob- 
ability, depending on the neutron energy, that other processes, especially radia- 
tive capture, will occur. For example, of the thermal neutrons absorbed in pure 
uranium-235, about 84 per cent cause fission; in plutonium-239, the proportion 
in only 65 per cent (see § 1.105). In addition, various nonfissionable nuclei 


* Because the fissionable er anganee other saoatlons, the heat liberated per pound 
consumed is somewhat leas (of, § 1. 
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present will capture some of the neutrons, which will thus not be available for 
causing fission. Finally, because of the finite size of the system, neutrons will 
inevitably escape from the surface and will be lost to the chain reaction. 

1.91. A nuclear reactor may be regarded as consisting of the fuel * containing 
the fissionable material, e.g., uranium-233, uranium-235, or plutonium-239, pos- 
sibly a moderator to slow down the neutrons, a coolant to remove the heat gen- 
erated by fission, and structural material. The practicability of a self-sustaining 
chain reaction depends on the relative extents to which the neutrons take part 
in four main processes: 

(1) Complete loss of neutrons from the system, generally referred to as leakage. 

(2) Nonfission capture by the fissionable nuclei, e.g., uranium-235, and by 
other nuclei, e.g., uranium-238 or thorium-232, present in the fuel. This is 
sometimes designated resonance capture, since it is most likely to occur at res- 
onance energies (§ 1.66). 

(8) Nonfission capture, called parasitic capture, by the moderator and various 
other substances (“poisons’’), such as coolant, structure, fission products, and 
impurities in the fuel and moderator. 

(4) Fission capture of neutrons of various energies by the fissionable material, 
and of fast neutrons by uranium-238 or thorium-232, if present. 

1.92. In each of the four processes summarized above neutrons are removed 
from the system, but in the fourth process, i.e., in the fission reaction, other 
neutrons are generated to replace them. If the number of neutrons produced 
in the last process is just equal to (or exceeds) the total number lost by escape 
and by fission and nonfission capture, a self-sustaining chain reaction should be 
possible. An illustration of the type of neutron balance that might exist in a 
reactor using natural uranium as fuel is depicted below. It is assumed that fis- 
sion results only from the capture of slow neutrons, and that, on the average, 
2.5 fast neutrons are produced in each act of fission. 


100 fast (fission) neutrons 
| — 5 leak out during slowing down 
— 10 resonance absorptions by U-238 during slowing down 
85 slow neutrons produced 
{| — 5 leak out as slow neutrons 
80 slow neutrons available for absorption 
| ——> 33 absorbed by U-238, moderator, poisons, etc. 
——> 7 nonfission capture by U-235 
40 absorbed by U-235 to cause fission 


100 fast (fission) neutrons. 


*The general term ‘‘fuel’’ is used here for the reactor core material in which the fission 
chain is maintained. It may consist of (essentially) pure fissionable isotopes or nonfissionable 
species may be present, ¢.g., uranium-238 when natural uranium (or uranium partially enriched 
in uraniume235) ia the fuel, ' 
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1.93. It is seen from this hypothetical case, which might apply to a reactor 
in which natural uranium is the fuel, that a total of 100 neutrons is either ab- 
sorbed or leaks out, and that 100 neutrons are produced by fission. This condi- 
(ion represents a stationary, self-sustaining chain reaction. If a total of more 
than 60 neutrons had leaked out and been captured in nonfission processes, there 
would have been less than 40 slow neutrons available to cause fission of uranium- 
235, and consequently less than 100 fast fission neutrons would have been pro- 
duced. Such a chain would be convergent, and the reaction would virtually 
cease in a short time. On the other hand, if the leakage and nonfission capture 
accounted for less than 60 neutrons, there would be more than 40 fissions, and 
more than 100 fast fission neutrons would result. Such a chain would be diver- 
wont, and the number of neutrons present in the system would increase steadily. 


Tue MuttipuicaTION Factor 


1,94, The conditions for a chain reaction can be conveniently expressed in 
terms of a useful quantity called the effective multiplication factor, kets. It is 
defined as the ratio of the average number of neutrons produced by fission in 
each generation to the total number of corresponding neutrons absorbed by 
fuel, moderator, etc., or leaking out, on the average. If kere = 1, i.-e., the num- 
ber of neutrons produced is equal to the total number lost by absorption and 
leakage, the chain is stationary and is self-sustaining; such a system is said to 
ho critical. If kere < 1, the chain is convergent and is not self-sustaining; this 
\n designated as a subcritical system. Finally, if ker; > 1, the chain is divergent, 
und the system is described as supercritical. 

1.95. The effective multiplication factor can be regarded as being made up of 
(wo parts. One is determined by the composition and arrangement of the 
materials present in the system, whereas the other is dependent upon its size. 
he former is called the infinite multiplication factor and is represented by the 
aymbol k (or k,,); it is the ratio of the average number of neutrons produced in 
each generation to the average number of corresponding neutrons absorbed. 
In other words, it is essentially the value the effective multiplication factor 
would have if the system were infinitely large and there were no loss of neutrons 
hy leakage. From the definitions of kes: and k, it follows that 


Kort _ Neutrons absorbed _p 
k ~ Neutrons absorbed + neutrons leaking out” 


fio that the fraction, indicated by P, is a measure of the probability that neutrons 
will not leak out of the finite system, but will remain until absorbed.* Hence it 
in possible to write 

kett = kP, 


where P, called the nonleakage probability, is the quantity, referred to above, 
ieee 


* Tho tacit assumption involved here is that the energy distribution of the neutrons will be 
Wie same in a ayatom of finite sive aa in one that is infinitely large, 
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which depends on the size of the system. It is obvious, of course, that P will 
always be less than unity, except for a system of infinite size when it is equal to 
unity. 


CRITICAL S1zE 


1.96. If, for a given composition and arrangement of specified materials, the 
infinite multiplication factor k exceeds unity, there will be a certain size of the 
system for which the nonleakage probability P is such that kP, equal to kes: 
is just unity. In other words, there will be a particular size of the reactor for 
which the neutron production, by fission, is exactly balanced by neutron leakage 
and absorption. This is called the critical size and it is that at which the chain 
reaction will just be self-sustaining. 

1.97. Since neutrons are produced throughout the whole of a reactor whereas 
leakage takes place only from the exterior surface, it is apparent that the non- 
leakage probability increases as the volume-to-area ratio of the system increases. 
Consider, for example, a sphere of radius R; the volume-to-area ratio is propor- 
tional to R, and so the larger the radius the greater the nonleakage probability, 
ie., the closer it approximates to unity. Consequently, if a system is smaller 
than the critical size, the value of P will be less than for a critical reactor, and 
kP, i.e., kerr, will be less than unity. It follows, from what has been stated 
above, that the chain reaction will then be convergent and the system will be 
subcritical. On the other hand, if the reactor dimensions exceed the critical 
size for the given composition and arrangement, ker will be greater than unity 
and the system will be supercritical, capable of supporting a divergent fission 
chain. 

1.98. One of the quantities which determines the critical size is evidently the 
infinite multiplication factor. If this is much larger than unity, then P can be 
relatively small, and the requirement for a critical system, i.e., KP = 1, can 
still be met. In other words, if k is large, then the critical size will be fairly 
small. If k is only just greater than unity, as is the case for a reactor using 
natural uranium as fuel, the system cannot become critical unless its dimensions 
are large, when P is only slightly less than unity. 

1.99. If the nature of the system is such that k < 1, then it can never go 
critical, and a self-sustaining chain reaction is impossible. ‘This is the case, for 
example, for a uniform mixture of natural uranium metal, as fuel, with graphite, 
as moderator. However, by arranging the fuel and moderator in the form of a 
lattice, with lumps or rods of natural uranium metal suitably distributed within 
a matrix of graphite, the value of k becomes slightly greater than unity. By 
constructing a large reactor, so as to minimize the relative leakage of neutrons, 
the nonleakage probability is sufficiently close to unity for kerr to be equal to 
one. Thus, natural uranium-graphite reactors are all large, e.g., the first 
Chicago pile (CP-1) and its reconstruction (CP-2), the X-10 reactor at Oak 
Ridge, the Brookhaven reactor, and the Hanford reactors, 
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1.100. Apart from the value of k, which is, of course, fundamental and which 
will be considered more fully below, certain other factors determine the critical 
uize. One of these is the shape (or geometry) of the reactor. Since a sphere 
has the smallest surface for a given volume, it is evident that, for a specified 
fuel-moderator system, the nonleakage probability will be greatest and, hence, 
the critical volume (or mass) will be least when the reactor is spherical. It is 
for this reason that the first successful chain-reacting system (CP-1) was de- 
wigned to be spherical in shape; however, it became critical before the sphere 
was completed, and so its actual shape was somewhat like an oblate spheroid. 

1.101. The critical size for a specified shape and composition can be decreased 
by surrounding the chain-reacting region of the reactor, called the core, by a 
blanket of material which scatters the neutrons back into the reactor. Such a 
blanket is referred to as a reflector. By decreasing the neutron leakage, for a 
wore of given size, the reflector increases the nonleakage probability. Conse- 
quently, for a given value of the infinite multiplication factor, a reactor with 
reflector will become critical when the dimensions of the core are appreciably 
lows than those required for a bare reactor, i.e., one without a reflector. The 
nature of the reflector material is determined largely by the energies of the 
neutrons responsible for most of the fissions. If these are slow neutrons, then 
the best reflector will consist of a material containing elements of low atomic 
weight which do not absorb slow neutrons to any appreciable extent, e.g., heavy 
water, beryllium (or its oxide), and graphite (carbon). 


Eneray or Neutrons CAvusiInG Fission 


1,102. The value of the infinite multiplication factor will depend on the 
nature of both the fuel and moderator and on their relative proportions. In 
the first place, the ratio of fissionable material to moderator will determine the 
neutron energy range within which the majority of the fissions occur. Thus, if 
(here is little or no moderator — including coolant which can act as a moderator 

most of the fissions will be caused by the absorption of fast neutrons by the 
(iwwionable nuclei. A system of this type is called a fast reactor; examples are 
the Los Alamos Fast Reactor (dismantled in 1953) and the Experimental 
lveeder Reactor (EBR) at the National Reactor Testing Station, Arco, Idaho. 
he atomic bomb is a fast reactor in which the chain reaction is so highly 
divergent that it goes completely out of control. 

1.103. When the proportion of moderator is large, slow (thermal) neutrons 
will be responsible for most of the fissions. For reasons which will become 
apparent in due course, such systems, referred to as thermal reactors, are most 
wommon at the present time. Nearly all the reactors now in operation, with 
the exception of those mentioned in the preceding paragraph, are thermal 
reactors. An intermediate reactor, the Submarine Intermediate Reactor (SIR), 
wherein fission will result mainly from the absorption of neutrons in the inter- 
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mediate energy range, between thermal and fast, is being constructed at the 
Knolls Atomic Power Laboratory, West Milton, N. Y. 


NoNFISSION CAPTURE IN FUEL 


1.104. The energy distribution of the neutrons in a reactor will influence the 
infinite multiplication factor k because the proportion of nonfission captures, 
which affects the value of k, depends on the neutron energy. If there were no 
parasitic capture of any kind, and every neutron absorbed by the fissionable 
nuclei resulted in fission, the infinite multiplication factor would be equal to », 
the average number of neutrons liberated in each act of fission (§ 1.72). How- 
ever, not all the neutrons absorbed in the fuel material cause fission, and so the 
quantity which determines k is 7, the average number of neutrons liberated for 
each neutron absorbed in the fuel; this is related to v by 


yee Neutrons causing fission (1.104.1) 
Total neutrons absorbed in fuel 


Since parasitic capture by moderator, coolant, poisons, etc., has been ignored, 
this gives the maximum value of k for a specified fuel. 

1.105. For pure fissionable material, such as pure uranium-233, uranium-235, 
or plutonium-239, it is convenient to define a quantity a as follows: 

es Neutrons captured in nonfission reactions _ Ge (1.105.1) 
Neutrons causing fission oF 

where o, and oy are the nuclear cross sections for nonfission capture and for the 
fission reaction, respectively. Consequently, it follows from equations (1.104.1) 
and (1.105.1) that 





Vv 

1=T75 (1.105.2) 
1.106. The values of a for thermal neutrons are 0.19 for uranium-235 and 
0.54 for plutonium-239. Hence, 1/(1 + «), which represents the fraction of 
neutrons absorbed that actually cause fission, is 0.84 for the former and 0.65 for 
the latter. Using the data for v in Table 1.3, it is found from equation (1.105.2) 
that 7 is about 2.1 for uranium-235 and 1.95 for plutonium-239, for thermal 
neutrons. Since the cross sections depend on neutron energy, « may be ex- 
pected to vary with energy; consequently so also will 7, assuming y is essentially 
independent of neutron energy. For fast neutrons 7 exceeds 2 for both 
uranium-235 and plutonium-239. Because 7 is always appreciably greater than 
unity (see Table 1.7), it appears that a chain reaction is possible, in principle, 
for neutrons of all energies, provided the fuel consists entirely of fissionable 

material. 
1.107. If the fuel contains nonfissionable nuclei, in addition, the situation 
may be quite different. Equation (1,105.2) does not now apply, but equation 
(1,104.1) ia quite general and can be used in such cases, @.g., when the fuel is 
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natural uranium, consisting of about 0.7 per cent of fissionable uranium-235 and 
09.3 per cent of essentially nonfissionable uranium-238.* If N is the number of 
uranium nuclei (per unit volume) of the isotope indicated by the superscript, 
then, for any mixture of uranium-235 and -238, 


238 238 | 
Mr = ¥ XK Areas — 255 235 235 238 238 
N35 4735 4 N35 ¢ 235 + N28 g, 
238 


=vxX 57788 +g 2 4 o238/p (1.107.1) 


where r, equal to N*5/N8, is the ratio of the two isotopes in the fuel; as before, 
v, and o, represent the fission and capture (nonfission) cross sections, respec- 
tively. For natural uranium, r is 0.00717 (see Table 1.1) and, using the known 
cross sections (Table 2.10), 7, is found to be 1.3 for thermal-neutron absorption, 
but for neutrons of high or intermediate energy, 7, is less than unity (Table 1.7). 


ABLE 1.7. AVERAGE NUMBER OF NEUTRONS LIBERATED PER NEUTRON ABSORBED IN FUEL 
Neutrons Absorbed Uranium-235 Plutonium-239 Natural Uranium 
Thermal 2.11 1.95 1.32 

Fast >2 >2 <i1 


As » is the maximum possible value of the infinite multiplication factor in the 
given circumstances, it is evident that only when the majority of neutrons have 
thermal energies is a self-sustaining chain reaction possible with natural uranium 
as fuel. 

1.108. By using “enriched”’ fuel, that is, material in which the proportion of 
fiusionable to nonfissionable nuclei is increased artificially, i.e., by increasing the 
value of r in equation (1.107.1), 7, can be made to exceed unity even for neutrons 
in the intermediate energy range. For a fast reactor the fuel must consist 
largely of fissionable material because collisions with nonfissionable nuclei would 
cause a decrease in the average neutron energy. 

1.109. As stated above, 7 (or 7,) gives the maximum possible value of the 
infinite multiplication factor, since it ignores parasitic capture of neutrons. 
\‘urther, it does not take into account resonance capture by nonfissionable nuclei 
present in the fuel (ef. § 1.91). These matters will be considered later, since 
they are not essential to the general discussion given here. 


Tue CriricAL EQuATION 


1,110. Some interesting qualitative conclusions concerning the critical size of a 
reactor may be obtained from the following considerations. Since & is the 
number of neutrons produced in each generation per neutron absorbed, and 
only one of these neutrons is required to maintain the fission chain when the 
roactor is critical, it is evident that k — 1 is a measure of the relative neutron 


"The uranium-2388 is fissionable by fast neutrons, and allowance can be made for this 
($3,181), Aw stated earlier, uranium-234 is ignored, 
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leakage in a finite critical reactor. The extent of this leakage will depend on 
two factors; the first is the dimensions of the reactor, and the second is the 
average (vector) distance a neutron travels between its birth, as a fission neutron, 
and its ultimate absorption by a nucleus. This distance is related to a quantity 
called the migration length (§ 3.99). 

1.111. It can be seen from general principles that the chance of a neutron 
escaping will increase with the migration length but will decrease with increasing 
size of the reactor. Hence, if & represents a linear dimension of the reactor, 
e.g., radius of a sphere, side of a cube, etc., and M is the migration length, the 
relative leakage will be determined by the ratio M/R. A more exact treatment, 
given in Chapter III, shows that it is the square of this ratio that determines the 
relative neutron leakage, and so it is possible to write for a critical reactor the 
dimensionally correct (approximate) relationship 


bM? 
k-1+ Re (1.111.1) 
where b is a numerical quantity which includes a factor for the geometry (or 
shape) of the reactor. This result is a form of what is called the critical equation 
for a bare reactor. By transposing to 
b \2 
~u(—— 1.111.2 
R~M ( — i) , ( ) 
the critical equation is seen to relate the size, i.e., the R value, of the critical 
reactor to the infinite multiplication factor and the migration length, both of 
which are specific properties of the system. 


- Reactor S1zE AND CHARACTERISTICS 


1.112. The migration length is generally greatest for slow neutrons because 
it involves the net distance covered by the neutrons while slowing down, i.e., 
the slowing down length, as well as the distance traveled as a thermal neutron 
before capture, i.e., the thermal diffusion length. For fast neutrons, on the other 
hand, the migration length is roughly equal to the fast diffusion length, since 
there is virtually no slowing down. It is to be expected, therefore, that the 
migration length will be smallest for fast neutrons. Hence, it follows from 
equation (1.111.2) that, for a given value of k, the critical size of a fast reactor 
is usually less than that of a slow (thermal) reactor. For neutrons of a specified 
energy — thermal neutrons in particular — the reactor size can be decreased by 
an increase in k; this may be achieved by using a fuel having a higher value of 
n (Table 1.7), e.g., by increasing the proportion of fissionable species. 

1.113. The foregoing general conclusions may be illustrated, as regards order 
of magnitude, by considering some examples. For a fast reactor, in which the 
fuel must consist of essentially pure fissionable material, k may be about 2 and 

_M, which can be roughly estimated on purely theoretical grounds (see example 
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in § 2.147), is something like 5 cm, ie., 2in. The geometrical factor b is equal 
to «? for a sphere, and so R, the critical radius of a bare fast reactor, is found 
from equation (1.111.2) to be around 15 cm, or 6 in. 

1.114. The critical size of a thermal reactor, which depends on the nature of 
both fuel and moderator, can vary over a considerable range. At one extreme 
may be considered a reactor in which natural uranium is the fuel and carbon 
(graphite) the moderator. Here & is not more than about 1.05 and M is at 
least 50 cm, so that the critical radius is roughly 700 cm, or 23 ft. At the other 
extreme would be a system consisting of pure (or highly enriched) fissionable 
material as fuel with ordinary water as the moderator. The migration length 
of thermal neutrons in water is exceptionally low — about 7 cm — and since k 
may be about 1.5, at least, in view of the larger value of 7, the critical radius of 
the bare reactor would be roughly 30 cm, or 12 in. 

1.115. It might appear from the foregoing that the critical size of a natural- 
uranium reactor could be decreased by using ordinary water as moderator in 
place of graphite. Unfortunately, this cannot be done, because capture of slow 
neutrons by water is so considerable that the infinite multiplication factor is 
loss than unity. Consequently a self-sustaining fission chain reaction is impos- 
sible no matter how large the reactor. By enriching the uranium fuel in 
uranium-235, k can be made greater than unity, because of the accompanying 
increase in y, and then a critical system with water as moderator can be achieved. 
Such is the case in the Materials Testing Reactor at Arco, in the Submarine 
‘Thermal Reactor (§ 1.22), and in the various ‘Water Boilers” at Los Alamos 
Scientific Laboratory, at North Carolina State College, and elsewhere. The 
vores of all these reactors are relatively small because of the high k and the 
low value of the migration length of thermal neutrons in water. 

1.116. If natural uranium is to be used as the fuel, then an appreciable de- 
crease in size can be achieved by employing heavy water as the moderator. 
Although the migration length of thermal neutrons in this medium is larger 
than in graphite, the increase is more than offset by the accompanying gain in 
the multiplication factor k, because of the much smaller loss of neutrons due to 
parasitic capture by the moderator. As a result, a critical reactor of natural 
uranium and heavy water can be smaller than one using graphite as moderator. 


TABLE 1.8. TYPICAL REACTOR SYSTEMS 












Fuel Moderator Neutrons Coolant Dimensions (ft) 
Natural uranium Graphite Slow Air 25 
Natural uranium Heavy water Slow Heavy water 10 
Mightly enriched U Graphite Slow Sodium 8 
Mightly enriched U Water Slow Water 5 
Highly enriched U Water Slow Water 1.5 


Highly enriched U None Fast Sodium 1 
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1.117. The approximate sizes of a number of reactor systems of different 
types are quoted in Table 1.8.* The dimensions given are for the diameter and 
the height, assumed to be the same, of a cylindrical reactor. These results, as 
well as those in the illustrations given above, are intended to indicate an order 
of magnitude only, since reactor dimensions are affected by the degree of enrich- 
ment of the fuel, by the ratio of fuel to moderator, and by the presence of various 
materials which capture neutrons. It should be recalled, too, that a suitable 
reflector (see § 1.101) will result in appreciable decrease in the critical size. 


Power Ovurput 


1.118. In connection with the discussion of reactor size, it may be repeated 
that, unlike other means of power production, the steady power output of a 
nuclear reactor is not directly related to its size. The determining factor is the 
rate of heat removal from the system. If the temperature of the reactor is not 
to rise continuously, the heat produced by fission must be removed at the same 
rate as it is being generated. The maximum power output of the reactor then 
depends on the rate at which heat can be removed. Because of engineering 
problems, it is more difficult to remove heat from a small reactor than from a 
large one. Thus, there are, at present, technological limitations upon the 
design of a stable fast reactor with a high power output. 

1.119. For thermal reactors there is another factor which sets a limit upon 
the power output; this is the accumulation of fission product poisons with large 
cross sections for the capture of thermal neutrons. The most important of 
these is xenon-135, and xenon poisoning is of considerable significance in decreas- 
ing the multiplication factor. While the reactor is in operation the xenon con- 
centration increases toward an equilibrium value; the rate of its formation, by 
decay of a fission product, is then just equal to the rate of removal by its own 
radioactive decay and by neutron capture. When the reactor is shut down, 
however, the xenon concentration increases steadily for several hours — because 
it continues to be formed as a decay product — before reaching a maximum, 
after which it decreases slowly. 

1.120. Quite apart from the effect on the multiplication factor of the equilib- 
rium amount of xenon while the reactor is operating, and for which allowance 
can be made, there is the much more serious problem of the accumulation after 
shut-down. The growth of the xenon concentration is not important for reactors 
of low power. But as the power is increased the poisoning may become so con- 
siderable that, if the reactor is shut down for an hour or two, it may be necessary 
to wait a day or more for the xenon to decay to a sufficient extent to permit the 
reactor to be started again. 

1.121. It is seen, therefore, that, whereas the power output of a fast reactor is 
limited by the rate of heat removal, that of a thermal reactor may be influenced 
by the xenon poisoning. Consequently, partly as a compromise and partly for 

"J, A. Lane and 8, MeLain, Chem. Lng. Progress, 49, 287 (1953), 
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other reasons, there has been some interest in intermediate reactors, e.g., in the 
Submarine Intermediate Reactor (§ 1.22), for power production. 


Reactor CONTROL 


1.122. Although a sufficient condition for the steady operation of a nuclear 
reactor is that the effective multiplication factor should be unity, an appreciable 
power output is possible only if kes; can be made to exceed unity, at least when 
the reactor is being started, i.e., during start-up. It will be shown in Chapter 
II that the power output of a given reactor is directly proportional to the neutron 
density, ie., number of neutrons per unit volume. The only practical way for 
this density to be increased up to a desired level is to make use of a divergent 
fission-chain reaction, for which ker > 1 (§ 1.94). 

1,123. When a reactor is constructed, it is always made somewhat larger than 
the critical size, i.e., it contains more than the critical amount of fuel, so that 
huey Can be greater than unity. However, until the reactor is ready for opera- 
(tion, the value of kes is maintained less than unity, often by the introduction 
of a strong neutron absorber, called a control rod. Every reactor, even when 
shut down, has a small neutron density, which may be due to spontaneous 
fission (§ 1.69), to fission caused by neutrons in cosmic rays, or to other sources 
of neutrons present in the reactor. As long as the system is subcritical, ie., 
hore <1, the neutron density will be quite small and will remain constant. 
lty withdrawing the control rods, so that ker: > 1, the divergent chain reaction 
wauses the neutron density to increase, more or less rapidly, until the desired 
level, corresponding to the required power output, is attained. The control 
rods are then inserted so as to make k,+; equal to unity; the chain now becomes 
stationary and the power output remains constant.* 

1,124. A change in power output can be readily caused either by making 
kui > 1 to increase the power or kerr < 1 to decrease it, for a short time, and 
(hen restoring the conditions to kes = 1 again. To shut down the reactor, the 
ubsorbing rods are inserted to make kes considerably less than unity; the con- 
vergent chain reaction then causes the neutron density and the power output to 
(lecrease to a negligible level. 

1,125. The procedure just described, whereby a neutron absorber is used to 
wontrol the reactor, is based on the ability of the absorber to increase or decrease 
the k factor of the system, the nonleakage probability P being unaffected. This 
method is suitable for thermal and intermediate reactors, since good or moder- 
aloly good absorbers are available for neutrons in these ranges. For fast reactors 
(he use of absorbers is, however, not practical, since absorption cross sections are 
then very small, In these reactors the control principle used is to keep k more 
ov less constant while P is varied. This is achieved by moving parts of the 


* [nerense of temperature and accumulation of poisons cause variations which need not be 
vonaldered here, 
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reactor core or reflector, thus increasing or decreasing the neutron leakage as 
required for proper control. 


Time BEHAVIOR OF REACTOR 


1.126. The rate at which the neutron density (or power) of a given reactor 
will increase or decrease depends on the amount by which kerr is greater or less, 
respectively, than unity. An approximate treatment of this subject will be 
given here, but it will be developed more rigorously in Chapter IV. Suppose 
the neutron density in a reactor is such that n neutrons are present per unit 
volume at the beginning of a given generation. All these neutrons will either 
be absorbed or will leak out, and at the end of the generation nk.¢: neutrons will 
be produced, in accordance with the definition of the effective multiplication 
factor (§ 1.94). Hence the number of neutrons per unit volume gained in the 
generation is n(kers — 1). If 1 is the generation time (or neutron lifetime), i.e., 
average time between successive neutron generations in the system under con- 
sideration, it follows that 


dn m(Kert — 1) ae Mex (1.126.1) 





= ? 


dt l l 
where kex, called the excess multiplication factor, is defined by 
Kex = Kese ~ 1; (1.126.2) 


so that it is a measure of the departure of the reactor from criticality. Upon 
integration of equation (1.126.1), the result is 


n = noel, (1.126.3) 


where no is the initial neutron density and n is that after the lapse of time ¢. 
The ratio 1/kex is called the reactor period and is represented by 7’, 1.e., 


l 
=) 1.126.4 
= ( ) 
so that 
n = netl?, (1.126.5) 


The reactor period is thus seen to be the time required for the neutron density 
to change by a factor of e; hence it is sometimes called the e-folding time. The 
larger the period, the more slowly does the neutron density change with time. 
Under normal operating conditions, J is constant for a given reactor, and so the 
period is dependent upon the value of kx, i.e. upon the departure from criticality. 

1.127. Equation (1.126.5) gives the time rate of change of neutron density for 
either positive or negative values of kex, that is, for ker > 1 or <1, respectively. 
Thus, the neutron density will either increase or decrease exponentially, depend- 
ing on whether kor is greater or less than unity. The rate of change is seen to 
_ be inversely related to the reactor period, #0 that for a given value of /, the gen- 





1.131] SCOPE OF NUCLEAR REACTOR ENGINEERING 37 


eration time, the neutron density will increase (or decrease) more rapidly the 
greater the amount whereby kes exceeds (or is less than) unity. It should be 
noted from equations (1.126.3) and (1.126.4) that, as long as ker; ~ 1 so that 
kox is not zero, the neutron density (or power output) of a chain reactor cannot 
remain constant; it must either increase if kes; > 1 or decrease if kerp << 1. Only 
when kets = 1 does the neutron density and power output remain steady. This 
is in agreement with the general conclusions reached earlier. 


Errect or DELAYED NEUTRONS 


1.128. In increasing or decreasing the neutron density, for the purpose of 
reactor control, the generation time is a highly significant quantity. The 
average time elapsing between the production of a fission neutron and its ulti- 
mate capture as a thermal neutron, for example, is about 10~ sec in a natural- 
uranium reactor. Since the prompt fission neutrons are released almost 
instantaneously, the generation time, as far as these neutrons are concerned, is 
10-* sec. However, as already seen (§ 1.74), an appreciable fraction of the 
fission neutrons are delayed, and so the effective generation time (or neutron 
lifetime) is greatly increased. 

1.129. The mean lives (emission times) of the five groups of delayed neutrons 
range from 0.6 sec to 80 sec (see Table 2.11). By weighting the values appro- 
priately, according to the fractions in each group, the mean delay time, averaged 
over all the delayed neutrons, is about 0.1 sec for the fission of uranium-235 
(§ 4.22). The average effective generation time is, thus, about 0.001 + 0.1 sec; 
the first term is the average time elapsing between release of a neutron of 
one generation and its capture in a fission process, whereas the second is the 
average time elapsing between fission and the effective complete release of the 
neutron of the next generation. 

1.130. The value of | to be used in equation (1.126.3), when uranium-235 
undergoes fission, is therefore about 0.1 sec, so that 


n = ne, (1.130.1) 


with ¢ in sec, provided the delayed neutrons are rate-determining. If kets is 
1,005, ie., hex = 0.005, then the neutron density will increase by a factor of 
¢°5, i.e., about 1.05, per sec. By the end of 100 sec, the increase will be e°, ie., 
about 150-fold. This is a relatively slow and controllable rate of increase, since 
in the start-up of a reactor it is often necessary to increase the neutron density 
by a factor of 10 or more. It should be noted that, if it were not for the 
delayed neutrons, J would be 10~ sec for a natural-uranium reactor; the neutron 
density, for kerr = 1.005, would then increase by a factor of e°, i.e., 150-fold, per 
sec, Such a rapid rate of increase in the power output would make the reactor 
go out of control in a few seconds. 

1,131. Although the mean delay time of the neutrons determines the rate of 
neutron growth in the example considered above, it must be borne in mind that 





38 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [1.131 


this is not always the case. Suppose that, in general, 6 is the fraction of the 
fission neutrons which are delayed, so that 1 — @ is the fraction of prompt neu- 
trons. The effective multiplication factor may then be considered as consisting 
of two parts: one, equal to ker(1 — 8), representing the prompt neutron mul- 
tiplication factor, and the other, equal to k.r8, being due to delayed neutrons. 
If, in the operation of a reactor, the quantity ker:(1 — 8) is just less than, (or 
equal to) unity, then the rate of increase in the number of neutrons from one 
generation to the next will be determined essentially by the delayed neutrons. 
Since 6 is about 0.0075 for the thermal fission of uranium-235,* this condition 
can be realized, provided the effective multiplication factor is kept between 
1 and 1/(1 — 8), ie., between 1 and 1.0075. When such is the case, equation 


(1.130.1) will be applicable; the neutron density and power level of the reactor 


can be increased relatively slowly and adequate control is possible. 

1.132. When the value of kerr(1 — 8) is exactly unity, i.e., kerr = 1.0075 for 
uranium-235 fission, the reactor is described as prompt critical, since it will be 
critical on prompt neutrons alone. If kets(1 — 8) is greater than unity, Le., 
kerr > 1.0075, the fission chain will be divergent due to the release of prompt 
neutrons, irrespective of those delayed. In these circumstances, the / to be 
used in equation (1.126.3) is the generation time (or lifetime) of the prompt 
neutrons, i.e., about 10~* sec for a natural-uranium reactor. The combination 
of kex > 0.0075 and the small value of / means that the neutron density will 
increase at a very rapid rate. In this condition, a reactor is difficult to control 
and so it must be avoided in practice. 

1.133. Just as the delayed fission neutrons affect the rate of increase of neutron 
density when the effective multiplication factor exceeds unity, so they influence 
the rate of decrease when the reactor is made subcritical, i.e., when it is being 
shut down. The delayed neutrons continue to be emitted for some time, and so 
maintain a fission rate that is considerably higher than would be the case if all 
the fission neutrons were prompt. The ultimate rate at which the neutron 
density in a reactor decreases after shut-down is essentially independent of the 
value of Ker: and is determined by the most delayed group of fission neutrons, 
i.e., by those with a mean life of 80 sec. The rate of decrease is then given by 
equation (1.126.5) with the period 7 equal to —80 sec. f 

1.134. The numerical values in the foregoing discussion have referred in 
particular to thermal fission in natural-uranium systems. For enriched thermal 
reactors, such as the Materials Testing Reactor and the Submarine Thermal 
Reactor, the mean delay time of the fission neutrons is the same as given above, 
so that, provided the reactor is below prompt critical, the time behavior will be 
much the same as for a natural-uranium reactor. However, the prompt-neutron 


* Vor plutonium-239 the fraction B of delayed fission neutrons is about 0.0036. 
{In reactors using heavy water or beryllium as moderator or reflector, the rate of shut- 
down {s even slower, due to the liberation of neutrons by the action of gamma rays from the 


flanion products, 
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generation time is of the order of 10~‘ sec in these enriched reactors, so that if 
the multiplication factor exceeds the prompt-critical value, the neutron density 
and power level will increase more rapidly than in the natural-uranium system. 

1.135. In a fast reactor, the prompt generation time (or neutron lifetime) is 
much less than in a thermal or intermediate reactor; it may be 10~’ sec or less. 
Consequently, when ker(1 — 8) > 1, the neutron density will increase with 
extreme rapidity. However, provided k.rr(1 — 8) is less than unity, so that 
the system is below prompt critical, a fast reactor, e.g., the Experimental Breeder 
Reactor, is just as controllable as a thermal reactor, because of the delayed 
neutrons. 


REACTORS FOR PRODUCTION AND POWER 


PRopDUCTION REACTORS 


1.136. Apart from the fission products, which have certain uses, a nuclear 
reactor produces two important commodities, namely, energy and neutrons. 
The discussion so far has been based on the supposition that the purpose of a 
reactor is the release of nuclear energy. While this must represent the ultimate 
objective of most reactors,* there are some reactors, such as those at Hanford, 
in which the energy produced by fission is largely wasted. In these reactors 
the neutrons accompanying the fission process are used to convert an essentially 
nonfissionable material (uranium-238) into one (plutonium-239) that is fission- 
able by neutrons of all energies. Such reactors have been called production 
reactors or converters; their prime purpose is to make substances that can be used 
for the liberation of nuclear energy, either in a controlled manner for power 
production or in an uncontrolled manner in atomic bombs. 

1.137. The absorption of one neutron in fissionable material results in the 
liberation of at least two neutrons (Table 1.3). One of these is required to 
maintain the chain reaction, and so there is at least one additional neutron 
available for other purposes. By having a fairly large reactor, so as to reduce 
the loss of neutrons by leakage, and keeping parasitic capture to a minimum, 
by eliminating, as far as possible, all extraneous substances with large capture 
cross sections, an appreciable proportion of the available neutrons can be cap- 
tured in uranium-238 or thorium-232. As seen earlier (§§ 1.59, 1.61), the prod- 
ucts of these radiative capture reaction undergo two stages of radioactive decay 
and are thereby converted into the fissionable plutonium-239 or uranium-233, 
respectively. The uranium-238 and thorium-232, which by themselves cannot 
sustain a chain reaction, but which can be transformed into nuclei capable of 
doing so, are called fertile materials. 

1.138. In a reactor using natural uranium as fuel, the capture of resonance 
(intermediate energy) and thermal neutrons by uranium-238 is unavoidable. 


* The exceptions are reactors used for experimental and test purposes, and for the produc- 
tion of certain isotopes, 
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It is seen from the neutron balance presented in § 1.92 that, for every 40 neutrons 
causing fission of uranium-235, about 43 neutrons are captured by uranium-238, 
moderator, ete.* If the parasitic capture is small, then it is possible for the 
same number of neutrons to be absorbed in fission of uranium-235 as are cap- 
tured by the fertile uranium-238 nuclei. Each of the latter will, after neutron 
capture and radioactive decay, be converted into a plutonium-239 nucleus, and 
so, for every nucleus of uranium-235 undergoing fission, there will, in due course, 
be produced a fissionable plutonium-239 nucleus. 

1.139. The conversion efficiency, i.e., the ratio of fissionable nuclei produced 
to those lost, in the hypothetical case considered above is just 100 per cent — 
one new fissionable nucleus formed for each one destroyed. However, if there 
is a considerable amount of leakage and parasitic capture, the conversion effi- 
ciency would be less than 100 per cent. On the other hand, it could conceivably 
be more, but not much more, than 100 per cent, since 2.1 neutrons are produced, 
on the average, for each thermal neutron absorbed in uranium-235 (Table 1.7), 
leaving 1.1 neutrons available for nonfission capture. Assuming the conversion 
efficiency to be 100 per cent, it follows, from the statement in § 1.87, that a 
production reactor will produce about 1 gram of plutonium per day when oper- 
ating at a power of 1 megawatt. 


SEPARATION OF FISSIONABLE MATERIAL 


1.140. It is legitimate at this point to ask: What is the purpose of a reactor 
which does not utilize the energy released in fission, but merely uses one fission- 
able material to produce a roughly equal amount of another? The answer to 
this question is bound up with the historical development of the atomic energy 
project, as well as with other, more fundamental, matters connected with the 
properties of the various fissionable nuclei. 

1.141. For use in atomic weapons it was necessary to obtain fissionable ma- 
terial in a relatively pure state. For this purpose the uranium-235 in natural 
uranium is of no value unless it can be separated from the heavier isotope, 
uranium-238. Because the isotopes of an element have essentially identical 
chemical properties, physical methods of separation must be used. Various 
procedures have been tried for separating the isotopes of uranium. While 
simple in principle, they all involve very large plants and a great expenditure 
of power to obtain appreciable quantities of uranium-235. In other words, 
the separation of uranium-235 from natural uranium is slow and costly. 

1.142. The process which has proved most practical is the gaseous-diffusion 
method, as originally employed at Oak Ridge, Tennessee. It depends upon the 
fact that the rate of diffusion of a gaseous substance is inversely proportional 
to the square root of its molecular weight. Consequently, in a mixture of two 


“In the same system 7 neutrons are captured in a nonfission (radiative capture) reaction 
with uranium-236, No particular use has yet been found for the product, uranium-236, 
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isotopic species the lighter one will diffuse more rapidly than the heavier, and 
a partial separation is possible. For the separation of uranium isotopes the 
gas used is uranium hexafluoride (UF), so that the molecular weight of the 
lighter isotopic form, with uranium-235, is 349, whereas that of the heavier 
form is 352. The ratio of the diffusion rates is therefore V352 /349, i.e., 1.0043. 
Since this number is so close to unity, the degree of separation achieved in a 
single diffusion stage is very small, and several thousand stages are required 
to obtain uranium-235 in a relatively pure form. 

1.143. In order to avoid complete dependence upon physical methods of 
separating fissionable material for use in atomic weapons, it was decided in 
1942 to proceed with the alternative method of using the unseparated uranium- 
235, in natural uranium, to produce fissionable plutonium-239 in a reactor, as 
already described. The apparent advantage of this procedure is that, since 
plutonium and uranium are different elements, they have different chemical 
properties and so they should be separable by more or less familiar chemical 
methods. However, for several reasons, this separation is by no means simple. 
Because plutonium-239 is fissionable by slow neutrons, it will compete with 
the uranium-235 as it accumulates in the reactor. There is obviously no pur- 
pose in destroying plutonium nuclei in order to produce others, and so the process 
must be stopped, and the plutonium separated, when only a relatively small 
proportion is present in the system. 

1.144. Apart from the difficulty of efficiently separating small quantities of 
plutonium from large amounts of uranium, it must be remembered that the 
mixture will contain fission products consisting of more than 30 different ele- 
ments. The plutonium must be separated from these as well as from the 
uranium. The chemical problems involved are difficult enough, but they are 
greatly aggravated by the fact that the fission product mixture is highly radio- 
active and represents a serious hazard to personnel. The complex separation 
processes must therefore be operated, and the plants maintained, by remote 
control. 

1.145. It is apparent that neither separation of uranium-235 nor of plutonium- 
239 is a simple matter. Nevertheless, both methods for the production of 
fairly pure fissionable material are being used, and even extended, at the present 
time. 

1.146. For the production of useful power a reactor should be moderately 
compact and should have some flexibility in operation. These requirements 
can be met by the use of enriched fuel, i.e., one containing a larger than normal 
proportion of fissionable nuclei. Uranium-235 is probably to be preferred to 
plutonium-239 for the enrichment of reactor fuel. In the first place, fabrication 
of fuel elements is less of a health hazard than for plutonium and, in the second 
place, the larger fraction of delayed fission neutrons, about 0.0075 as compared 
with 0.0036 from plutonium-239, permits somewhat wider scope in the control 
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of a reactor in which uranium-235 is the fissionable substance. oneeear is, 
nevertheless, destined to play an important role in the development of nuclear 
energy, as will be seen in the next section. 


CONVERSION AND BREEDING 


1.147. Because uranium-235 is the only fissionable species oceurring in nature 
to aay acheat this must serve, initially, to maintain the oe Hosni in a 
i i trons are then captured by fertile uranium- 
duction reactors. Excess fission neu | - pasts 
ich i into fissionable plutonium-239. Since n 
938. which is thereby converted in niu 3 ae 
i -235, it is evident that, in due 
ium contains only 0.7 per cent of uranium-235, 
vane almost all the available uranium-235 will be consumed and will = 
re tascotl by an approximately equivalent amount of plutonium-239. At t : 
as however, nearly 140 times as much of nonfissionable ee - 
i a4 ili duction, then reactors of the 
in. If this is to be utilized for power produ it 
ace must use plutonium-239 to maintain the fission chain and be capable of 
regenerating the same species at the expense of uranium-238. In the long run, 
therefore, it is reactors of this type which will be of basic significance. aad 
1.148 Tf such a reactor were to regenerate the same amount of Savuieed - 
as it loses by fission, ie., if the conversion efficiency were 100 per cent, : e tota 
uantity of fissionable material available for energy production woul eve 
asieat Provided there were no losses, it would then be ear e ee 0 
i ilable fertile material. , however, 
to make use of virtually all the avai : te 
i j 100 per cent, the stockpile (or inventory 
conversion efficiency were less than per HS 
i i lly diminish and ultimately 1t wou 
fissionable material would gradual y L 
hausted. Nuclear power production through fission would then oe to be 
feasible, even though large amounts of fertile uranium-238 remained. at 
1 149. The prospect of greatest interest is that of a regenerative as 
savor i i t, i.e., more fissionable mater 
ersion efficiency exceeding 100 per cent, 1e., l 
Soule produced than is consumed in maintaining the fission chain. a 
process whereby a fissionable species is utilized as a source ee i eee 
i of i i is called breeding. ree 
e nuclei of its own kind than are used up is ca J. 
seas then the stockpile of fissionable material can be steadily increased until 
tially no more uranium-238 is left. ou 
wn L1S0 The foregoing discussion has referred, in particular, to uranium a _ 
is fat tile material, but the arguments apply equally to thorium-232. oe 
uranium-235 is available, thorium can be converted into fissionable ae . 
Tf the thorium-232 supplies in nature are to be utilized as . ee of ee. ey. 
' ; sloped in which uranium-233 serves to ma 
eventually reactors must be develope n-23 mee 
i i same ti lies neutrons for its regeneration 
fission chain and at the same time supp 
thorium-232 To make full use of the latter, the conversion efficiency must be 
equal to or greater than 100 per cent. 
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UTILIZATION oF FERTILE MATERIAL 


1.151. It was seen in § 1.104 that, for every neutron absorbed by the fission- 
able material, there are produced, on the average, 7 fission neutrons. Of these, 
one neutron is required to maintain the chain reaction. Suppose that L is the 
number of neutrons, on the average, lost by leakage and by parasitic capture of 
all kinds (other than by the fissionable material); then 7 — 1 — L neutrons will 
be available for capture by fertile nuclei to produce fissionable material. This 
is consequently the number of new fissionable nuclei produced for each such 


nucleus consumed (in both fission and nonfission reactions), and so it is called 
the conversion ratio C; thus, 


C cg ~~ D (1.151.1) 


It should be noted that, in this expression for the conversion ratio, 7 refers to the 
fissionable species, e.g., uranium-235, and not to that of the fuel material as a 
whole, e.g., natural uranium. 

1.152. Suppose N nuclei of fissionable material, e.g., plutonium-239, are con- 
sumed in a conversion reactor; then NC nuclei of the same species will be regen- 
erated at the expense of the same number of fertile, ice., uranium-238, nuclei. 
If the resulting NC nuclei of plutonium-239 then undergo fission in a reactar of 
the same type, NC? nuclei will be obtained, and so on in succeeding stages. The 
total amount of fissionable material produced and, hence, of fertile material 


consumed will then be equal to the sum of NC, NC?, NC%, ete. ; it follows, there- 
fore, that 


Fertile nuclei converted to fissionable nuclei = NC + NC? + NC? fees, 
(1.152.1) 


If the conversion ratio C is equal to or greater than unity, Le., if the conversion 
efficiency is 100 per cent or more, the series in equation (1.152.1) is divergent 
and there is no theoretical limit to the quantity of fertile material that can be 
changed into a fissionable product. Thus, as concluded from the qualitative 
argument given above, it should be possible, in principle, to utilize all the avail- 
able fertile material for power production. 

1.153. Suppose, however, that C is less than unity, i.e., the conversion effi- 
viency is less than 100 per cent; the series in equation ( 1.152.1) is then convergent 


und after a large number of stages the sum approaches a finite limiting value. 
In these circumstances, i.e., C < 1, 


NC 


Limiting conversion of fertile nuclei = Tae 
If, for example, the conversion efficiency is 90 per cent, so that C is 0.9, the 
limiting amount of fertile material which can be converted into fissionable 
material is only 9V. ‘This means that if a reactor is started with 1 pound of 
plutonium-239 (or of uranium-235), it should be possible eventually to convert 
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9 pounds of uranium-238 into plutonium, assuming 90 per cent conversion effi- 
ciency at each stage. 

1.154. The amount of fissionable material available after x stages is NC?, 
and if C < 1 this quantity decreases steadily as the number of stages increases. 
‘As stated earlier, the inventory of fissionable material will then decrease in the 
course of time if the conversion efficiency is less than 100 per cent. If C is 
unity, then NC? is equal to N at all stages, and the stockpile remains constant, 
as long as fertile material is available for conversion. The condition for breed- 
ing is a conversion efficiency exceeding 100 per cent, i.e., C > 1. In these cir- 
cumstances, the fissionable inventory increases from one conversion stage to the 


next. 
DovusLinc TIME AND BREEDING GAIN 


1.155. For practical purposes, the effectiveness of a breeder reactor in increas- 
ing the quantity of fissionable nuclei is determined by the doubling time; this is 
the time, usually expressed in days, required for the fissionable material in the 
given reactor to double itself. ‘The shorter the doubling time, the more rapidly 
can the fissionable inventory be increased. 

1.156. The doubling time is related to the breeding gain and the specific 
power of the reactor. The breeding gain, G, is defined as the number of fission- 
able nuclei gained for each such nucleus consumed. Since C is the number of 
fissionable nuclei formed for each fissionable nucleus lost, it follows that 


G=C-1=7-2-L, (1.156.1) 


using equation (1.151.1) for C. The necessary condition for breeding is that 
C > 1, and so the breeding gain, as defined above, must be positive. The num- 
ber of fissionable nuclei (or grams) gained per day is equal to G multiplied by 
the number of nuclei (or grams) consumed per day, i.e., 


Grams gained per day = G X Grams consumed per day. 


Thus, by inversion of both sides, 
1 
3 : = 
Days required to gain 1 gram = Gs Grams consumed per day XX Grams consumed per day 


If the reactor contains 1 gram of fissionable material, the time required to gain 
1 gram becomes the doubling time, and so 
1 
Sects ina tay _ ; 

Doubling time in days G X Grams consumed per day per gram (1.156.2) 

1.157. Let p be the specific power of the reactor in watts per gram, i.e., the 
power in watts per gram of fissionable material in the reactor.* Then, since the 
fission of 1 gram of material per day produces 10° watts of power (§ 1.87), it 


*'The specific power is frequently expressed in kilowatts per kilogram of fissionable mate- 
rial, which is, of course, the same as watts per gram, 
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follows that 


Grams fissioned per day per gram = (1.157.1) 


ee, 
By equation (1.10 i ‘ eal 
to hase a ( ; oe a is the ratio of neutrons captured in nonfission reactions 
(in nonfi cae ee hence; 1 + ais the ratio of fissionable nuclei consumed 
: ssion anc fission reactions) to those undergoing fission. It foll h 

ore, from equation (1.157.1) that ows, there- 


Grams consumed per day per gram = pars (1.157.2) 
i0° 157. 


Consequently, upon combining equations (1.156.2) and (1.157.2) the result is 
Doubling time = 2% — 
g time God oa days, (1.157.3) 


SO that a high br eeding gain and ] es p vor e Ww t 


BREEDING POSSIBILITIES 


eo pee fea that the basic requirement for breeding is that the 

o C'should be greater than unity or, in other d 

ing gain G should be positive. Accordi ane re ere 
gi : ng to equation (1.156.1), th 1 

gain is equal to 7 — 2 — L and so the condition for breeding is pe aren 


or a 


n>2+L. 


If the losses are made as sm i 
th all as possible, s i igi 
minimum requirement for oa is pnt ee Ee aA gente 


n > 2, 


that i 
acted pat a whe ee must be available, on the average, for every 
rbed in the fissionable material. One of th 4 
to maintain the fission chain and th ind eae 
e remainder, more th 
by fertile nuclei to i a ee 
’ produce fiss i 1 i i 
pete > Sys aclvenes ionable material with a conversion efficiency 
1.159. inati 
ea _ oe eee of Table 1.7 shows that a plutonium breeder depend 
-neutron fission is not feasible, since 7 i ] if 
fissions are caused by f: eat eager 
y fast neutrons, then breeding might b i e 
primarily for this reason that the so srettad as eee 
-called Experimental Breed 
designed as a fast reactor. Stri i ee ae 
é . Strictly speaking, the EBR is n i 
; & fas ot a b 
it uses uranium-285 as fuel and yranium-238 as fertile material ee 


It should be noted that the doubling time calculated refers to the time in the reactor. 


lo this 4 10ul | t | 1 th I = 
} € be vlc aC 10 time requir ed for chemical ITOCeSS1N, and extractin; he 
1 g act ig t fission: 
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able product is, therefore, plutonium-239. Since 7 for absorption of fast 
neutrons by uranium-235 is >2, a conversion efficiency of at least 100 per cent 
is theoretically possible and has in fact been demonstrated. There is thus 
every reason to believe that a reactor of similar design, using fast neutrons, will 
function as a true breeder with plutonium-239 as fuel and uranium-238 as the 
fertile material. 

1.160. Although no data for uranium-233 are included in Table 1.7, it has 
been stated that 7 is greater than 2 for thermal (and also for fast) neutron 
absorption. This means that a thermal breeder, having uranium-233 as the 
fissionable species and thorium-232 as the fertile material, might be possible. 
Several preliminary designs for a breeder reactor of this general type have been 
made and at least one is at present in the stage of active development (see 


§ 13.105). 


SINGLE- AND DUAL-PURPOSE REACTORS 


1.161. A single-purpose reactor may be designed for the sole (or main) purpose 
of converting fertile into fissionable material. At the present time, such re- 
actors are wasteful, although they may, nevertheless, be justifiable. In the 
production reactors at Hanford, for example, there is a considerable release of 
nuclear energy. This amounts to about 10 million kw-hr of heat for every 
pound of uranium-235 undergoing fission (see Table 1.6) or, roughly, for every 
pound of plutonium produced, assuming 100 per cent conversion. efficiency. 
Nearly all of this energy is lost; it serves merely to raise the temperature of the 
Columbia River, the water from which is used for cooling the reactors.* This 
is one reason why there is considerable interest in dual-purpose reactors which 
will produce plutonium-239 for weapons and electrical power for industry (see 
§ 1.23). Such reactors would use both the energy and the neutrons released in 
fission — the energy for power production and the neutrons, in excess of those 
required to maintain the fission chain, for the conversion of uranium-238 into 
plutonium-239. 

1.162. A power-only reactor, using highly enriched fuel, would be wasteful in 
neutrons; since only one neutron is needed for fission, to carry on the chain, the 
remaining fission neutrons either escape or are lost in useless nuclear reactions. 
The operation of such a reactor would be accompanied by a decrease in the 
stockpile of fissionable material. Ultimately, when the inventory is large, 
highly enriched reactors for power production will be more common. In the 
meantime, power reactors should be designed so as to achieve conversion of 
fertile into fissionable material with an efficiency approaching 100 per cent, at 
least. The ideal system would be the power-breeder reactor which would 
utilize the energy of fission for electrical power and the neutrons to convert 
fertile into fissionable material with an efficiency exceeding 100 per cent. 


*A amall part of the fission energy in uwod to hont some of the buildings at Hanford. 
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ee purpose of the Experimental Breeder Reactor was to obtain 
information which would be useful for the design of power-breeders. Thi 
reactor has already produced useful amounts of power and has iaiee d : 
conversion efficiency of at least. 100 per cent, as stated above. It conse : tly 
represents a significant step in the development of nuclear abies eo cas 
1.164. It should be noted that there is an important aes betwe 
ae ea iene referred to earlier, which is required to produce pion 
suitable for weapons and a power reac i ; 
breeds) fissionable material for pie use . ee abies . 
the latter type would be simpler to design and cheaper to construct and Sate. 
Unfortunately the international situation makes it necessary to pl on 
on the former at this time. pene 


ProcessinG EFFICIENCY AND BREEDING 

ey dd woo a ae a carat 56 success or failure of breeding is 

: ency of the process used for s i 

uel from the fertile material, e.g., uranium-233 from thorium, or ces 

rom uranium, and the fission products. The quantity G defined above may b 
regarded as the potential breeding gain, but the actual breeding gain is nes i 
surplus of fissionable material available per nucleus of fuel used up in fae ~ 
lost in the separation process. It is very unlikely that the process for se i. . 
ing or extracting the required material from a complex mixture will be 100 
petbiss Mie i sei will ee be lost in waste solutions, by a ahercncs 
alls of vessels, as well as in other ways. If th aa i 
form, as is frequently the case, there are also inevilable ee 
process and in fabrication of the fuel units. areas 
’ ae Such losses could have a serious effect on the over-all breeding gain, as 

1e following figures will show. Suppose, in a particular case, that 7 is 2.5 d 
L is 0.2; hence, by equation (1.151.1), the potential reading gain is 0 3. Be 
cause of the accumulation of fission products, which capture neutrons ‘acd a 
ee reasons, it will in general be necessary to process the material aler the 
uel has been only partly consumed. Suppose that 1 per cent has been used 
when processing is desirable, and that 0.1 per cent of the fuel is lost in ct 
oP ae This means that 0.1 fuel nuclei will be lost in this oe 
Me nucleus undergoing fission. The net surplus of fissionable material is now 
.2 for 1.1 fuel nuclei used up in fission and in process losses; the actual breeding 


gain is consequently 0.2/1.1 = 0.18, co i i 
aera he ccs , compared with the potential value of 0.3, 


ASPECTS OF REACTOR DESIGN 


G®NPRAL CHARACTERISTICS OF REACTORS 


we The whole subject, of nuclear reactor design is still in its infancy, and 
nearly all existing reactors differ from one another in certain respects since they 
bint | 
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are mostly intended to serve different purposes. There are, nevertheless, a 
number of general features which all reactors possess in common, to a greater or 


lesser extent. In outline, a reactor consists of an active core in which all, or 


nearly all, of the nuclear fissions occur, and in which most of the yee : Te- 
leased as heat. The core contains the fissionable material, in a at oie 
and also more or less moderator; the relative amounts and nature 0 a fue 
and moderator determine the neutron energy range In which most of ee 
occur. The core is then surrounded by a reflector of a material depending s 
the energy of the neutrons causing fission. The combination of core he 
reflector must, of course, be such that it is capable of maintaining a nt chain 
reaction at the required power level. Control is achieved either by . = con- 
taining a strong neutron absorber, or by moving parts of the core or reflector so 
as to permit (or prevent) escape of neutrons (Fig. 1.2). 


COOLANT —— 


REFLECTOR 





—= STEAM TO 
TURBINE 


CONTROL 


RODS HEAT EXCHANGER 


(BOILER) 


—=— WATER FROM 
CONDENSER 


Fig. 1.2. Diagrammatic representation of reactor and heat exchanger 


1.168. In a converter (or breeder) type reactor the fertile material may . 
included in the core, e.g., when natural uranium is the fuel, or it may be in : e 
form of a blanket surrounding the core. In the latter case the blanket may . . 
serve as a reflector, to some extent at least. Ina thermal-neutron reactor ne 
particular arrangement chosen is determined by the circumstances, e.g., nS 
of reactor, nature of fuel and fertile material, etc. If fissions are to be 
however, as in a plutonium breeder, the fissionable 
ly diluted; in this event the fertile material 


purpose 
caused by fast neutrons, 
species in the core must not i | 
i inly incorporated as a blanket. 
. ree The poe of the reactor at appreciable power ere ae a 
the ability to remove the heat produced by fission as fast as it 1s era : " 
This involves the use of a coolant which must circulate throughout the i or 
in such a manner as to maintain a temperature distribution that is as ve ei 
as possible. The design of the reactor core is intimately bound up wit the 
problems of heat transfer, for it is the rate of heat, removal which setae 
the power output. The method used for cooling the reactor is thus of funda 


mental importance, 
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1.170. The nuclear reactor is, in essence, a furnace in which heat is produced 
from the energy released in fission, but until recently it was considered im- 
practical to use a reactor directly as a boiler to vaporize a liquid, such as water, 
because of the instability due to bubble formation. The design of boiling 
reactors is now under investigation, but in most power reactor designs the 
energy is taken up by a coolant and then transferred to water in a suitable heat 
exchanger. The resulting steam is then used to generate power in some con- 
ventional manner, e.g., by means of a turbine. Thus, the heat exchanger asso- 
ciated with a nuclear reactor plays the same role as a boiler in a normal power 
plant (see Fig. 1.2). 


REQUIREMENTS FOR REACTOR MATERIALS 


1.171. In general, it would appear that the fundamental principles of reactor 
design are not very complicated and are well understood. However, it is in the 
translation of these principles into practice that numerous difficulties are en- 
countered. These are associated largely with the capture of neutrons and with 
the effect of simultaneous high temperatures, intense gamma radiation, and 
neutron bombardment on structural and other materials. Another difficulty 
arises from the intense radioactivity of the fission products which accumulate 
as the reactor operates and from the radioactivity induced by neutrons in 
various materials. 

1.172. A nuclear reactor presents the possibility of high thermodynamic effi- 
ciency in the utilization of heat, because it is liberated at high temperatures. 
Unfortunately, a limitation is imposed by the nature of both the structural 
materials and the coolant. These substances must not only be able to withstand 
the temperature, but they must also have low cross sections for neutron absorp- 
tion. Any loss of neutrons must be compensated by an increase in the amount 
of fissionable material if a chain reaction is to be maintained. Further, neutron 
bombardment causes more or less permanent displacement of the atoms from 
their normal positions in the crystal lattice. As a result of this disruption of 
the internal structure, the physical properties of the material may be seriously 
affected. This phenomenon must be taken into account in the choice of various 
structural materials as well as in the design of the fuel elements. 

1.173. Like the structural materials, the coolant must not absorb neutrons to 
any appreciable extent and it must be stable at high temperature and to the 
action of the intense neutron and gamma radiation fields. Very few, if any, 
organic liquids can meet these specifications. In addition, it should have a 
high boiling point, if liquid, and be efficient for the transfer of heat. Metals or 
ulloys of low melting point, such as sodium or sodium-potassium alloy (NaK), 
uppear to be promising as coolants. If the coolant captures some neutrons, a 
radioactive product may be formed; in a power reactor the fluid circulates be- 
(ween the reactor and heat exchanger, and so there is a possibility that the 
latter may become a hazard to operating personnel, 
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ssible materials having prop- 


1.174. In Table 1.9 is given a summary of the po: 
onents of a reactor, namely, 


erties which permit their use as fundamental comp 


TABLE 1.9. POSSIBLE REACTOR MATERIALS 





Nuclear Fuel Moderator Reflector Coolant Structure 





Heavy water, | Any of the mod-| Air, hydrogen, Aluminum or zir- 
beryllium, beryl- | erators helium, nitrogen, | conium 

lium oxide, or carbon dioxide, 

graphite heavy water, or 

ordinary water 


Natural uranium 











ee 
Enriched ura-| Same as above or Any moderator 
i ordinary water 





Same as above or | Aluminum, zirco- 
sodium (or NaK | nium, or stainless 


nium 
alloy) steel 











Highly enriched | None for fast re- | Uranium-238, Sodium (or| Stainless steel 
U-233, U-235, or | actor thorium-232, or | NaK) or mercury 
Pu-239 heavy element 





and structural material. Although many 
certain limitations may be noted. If 
thermal reactor is possible; the 


fuel, moderator, reflector, coolant, 
different combinations are possible, 


natural uranium is the fuel, then only a large 
practical coolants are one of the gases or water. The reflector would have te 


be preferably heavy water, beryllium or its oxide, or graphite. The other sub- 
stances mentioned as reflectors, namely, uranium-238, thorium-232, or other 
heavy element, could be used only for a fast reactor. This would need highly 
jum-235, or plutonium-239 as fuel, and no mod- 


enriched uranium-233, uranl 
erator. Mercury could be used as coolant, as it was in the Los Alamos Fast 
for fast neutrons is quite small. The 


Reactor, since the capture cross section 
considerable absorption of slow neutrons virtually rules out mercury as & coolant 


for thermal reactors. Water could be used for the latter, but not for the fast 
reactor, since it is a good moderator and would slow down the neutrons. The 
use of the various materials in a number of reactors is summarized in Table 1.10. 


Reactor TYPES 
choice of reactor components is determined, to some 
extent, by the energy of the neutrons. Therefore this represents one of the 
first decisions that must be made in connection with the design of a reactor for 
a particular purpose. A fast reactor has the advantage of relatively small 
parasitic losses because of the low cross sections for neutron capture by impuri- 
ties, including fission products. However, the power output is restricted because 
of the small size and the difficulty of heat removal. Thermal reactors are simpler 
to control and can be designed to have a high power density. Water, under 


1.175. It is clear that the 
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TABLE 1.10. SUMMARY OF REACTOR CHARACTERISTICS 
R ; 
eactor and Location Type Moderator Reflector Coolant 
e as ae run Fuel 
3P-1, -2 (Argonne Na-| Th i i 
tional Laboratory) oe noma ae ee 
X-10 (Oak Ridge National | Therm: i 
al i 
: Laboratory reviews a Graphite Graphite Forced air 
ps haven (Brookhaven | Thermal, Graphite Graphi i 
lean Laban. | ecorsoe a a 
Dy ar- | Thermal, i i 
. well, England) pile coe Graphite Graphite Forced air 
to enon (Sellafield, | Thermal, Graphite Graphit i 
Ungland) heterogeneous os Beh 
Production (Hanford, | Therm i 
F al, G i i 
Rares ee raphite Graphite Ordinary water 
ZEEP (Chalk River, Can- | Ther . 
- mal, H i i 
va 7 as eavy water | Graphite Ambient air 
y atillon, France) | Thermal, Heavy water | Graphit i i 
a heterogeneous ae ee 
‘P-3 (Argonne) Thermal 
‘ Heavy wat i i i 
en Raiiae oe y water | Graphite eclenon of 
j , Norway) Apaslinen: Heavy water | Graphite Cironlntion, f 
tet eterogeneous - 
ms a (Stockholm, Swe- | Thermal, Heavy water | Graphite ce ee 
sn heterogeneous heniy Wee . 
-2 (Saclay, France) Thermal Hea i i . 
Sake Shak heterogeneous eee cubee deal 
Yhalk River, Can- | Thermal - i : 
pm oi " I Heavy water | Graphite Ordinary water 
Enriched Uranium Fuel 
OP-3’ (Argonne) Th 
ermal Heav: t i i i 
OP-6 (Argonne) heterogeneous SOE renee agian 
ermal, H i i i 
_ ’ heterogeneous ee et oe ot 
aterials Testing Reactor | Thermal. Ordi i a 
? (Arc9; Idaho) heterogeneous pp er eee ae as Sth Co 
Swimming Pool type (Oak | Thermal Ordi i : 
ete air ae under heterogeneous Pr a Cae ae fon anes 
ao L or - 
oxide or graph-| lation) of ules 
ite ae 
Water Boiler type (Los | Thermal, i ca 
Alamos Scientit c Labo- homneeniedak i ices ak a ee 
ratory, North Carolina eo 
State College, and 
others) 
llomogeneous Reactor Ex- | Thermal i 
periment (Oak Ridge) - aadeeraaiil a cares ‘a 
‘xperimental Breeder Re- | F i ay 
Tee thts tee) ‘ast None Uranium NaK alloy 
. Plutonium Fuel 
Want Reactor (Los Alamos);| Fast None Uranium M 
ercury 





dismantled 1958, | 
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i h 
pressure so as to permit operation at high ioe ee es 
isoni ts a problem, a 
and moderator. Xenon poisoning presen 
sapere in a manner that is somewhat wasteful of neutrons. erie _ 
sich most of the fissions are caused by neutrons of intermediate energy hav 
been proposed as a compromise between fast and thermal reactors. seoas 
1.176. The classification of reactors according to their eu oe a 
ee it 1 i describe reactors on the ba 
ntal, but it is also convenient to 
eae of fuel and moderator. Ina heterogeneous oe the ar 
. distributed in a fairly definite geometrical pattern or lattice a t : — i 
moderator. Examples of this type are CP-l, CP-2, the X-10, Hantora, 
n reactors. ; ; 
ak homogeneous reactor, on the other hand, is one in — oa aa 
terial is more or less evenly dispersed throughout the moderator. os : _ 
a ture of solid fuel and moderator, although not strictly homogeneous i . 
piesa sense, would be regarded as a homogeneous reactor, since it 7 
lave as sie from the standpoint of neutron interaction. A slurry, — er 
i i insoluble uranium or thorium compound 1n 4 
of a uniform suspension of an inso ee ee 
ter, would also behave as a homogeneous sy - 
W a ce and the HRE (Homogeneous Reactor Experiment) at a. 
Ridge consisting of an enriched uranium salt as fuel dissolved in water as mo 
? 
examples of homogeneous reactors. - 
a tei RE is a special form of homogeneous reactor in ae the ser 
ndoratot mixture circulates out of the reactor, through a heat exc oe a : 
pees back to the reactor. One purpose of the HRE was yen the ae y 
i i This type of reactor has many advantages. 
of such a circulating fuel system. i ee 
- «1 36 limited to the vessel and pipes containing 
The structural material is limite oe ae 
i i iched uranium salt in ordinary (or heavy : 
reacting solution of an enriched | bah Hapa ai 
i iti . The problem of poisoning by 
ing parasitic losses to a minimum orok 
eee by continuous removal of its parent, one ed 
i ff for the separation of fission 
the fuel solution can be bled o: ob 
on of fissionable material, e.g.; ee. ee eae a a 
i i tallurgical isolatio 
tion of the reactor. Finally, the me 
cation of special fuel elements, which are necessary for most other reactors, 


are obviated 
RemMoTE CONTROL AND SHIELDING 


i i tion, that one of the factors to be 

179. It should be noted, in this connection, ‘ 

es in the design of a ronober is the matter of oe aan gehen noe 
i i The latter, as already mentioned, 18 M1 

ay ee i : The spent fuel elements 

degree of safety. e sp 
and cannot be approached with any he a eae 
isc d by some remote-handling device. th 

nah ee es i h of water, until the radioactivity 

ferably under a considerable depth of water, unt ; 

es saMialantly for the material to be conveyed, with appropriate pre 
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cautions, to the processing plant for removal of fission products, etc., and for 
recovery of the fuel still remaining. 

1.180. Reference must be made, finally, to one other essential aspect of reactor 
construction and design, namely, the shielding of operating personnel from 
neutrons and other harmful radiations. This does not present any great diffi- 
culty with stationary reactors. In a sense, all that is necessary is to surround 
the reactor, on all sides, by sufficient material, e.g., concrete, to reduce the 
radiations to essentially harmless proportions. The X-10 reactor at Oak Ridge, 
for example, has a shield of concrete with a thickness of 7 ft. For a mobile 
reactor, as might be used in a submarine or airplane, such a massive shield 
would be out of the question. The problem of radiation shielding in these cases 
requires special attention, so as to provide the maximum of protection for per- 
sonnel with a minimum weight of material. 


CONCLUSION 


1.181. From the foregoing, somewhat general, description of nuclear reactors, 
it will be clear that the design of such reactors involves a close interrelationship 
of several sciences with some of the more common aspects of engineering. In 
the field of physics, for example, the various interactions of fast and slow 
neutrons with atomic nuclei are important since these determine the critical 
size of the reactor, as well as its time behavior. Radioactive decay and the 
rates of neutron capture reactions must be understood, because upon them 
depend the rates of accumulation of both desirable, e.g., plutonium-239 or 
uranium-233, and undesirable products, e.g., fission product poisons. The inter- 
action of various radiations with matter must be studied so that the most effec- 
tive methods of shielding may be developed. Because of the changes in physical 
properties produced in solids by exposure to high temperatures and intense 
nuclear radiations, the physics of the solid state acquires special significance. 

1,182. The extraction of fertile and fissionable materials from their ores and 
their fabrication into suitable forms involve both chemistry and metallurgy. 
‘The separation of relatively small quantities of plutonium from the complex 
mixtures of fission products and unchanged uranium present in the spent fuel, 
and the recovery of the uranium, represent difficult problems in chemistry and 
chemical engineering. The difficulties are accentuated by the radioactivity of 
(he materials and by the necessity for keeping losses to the absolute minimum. 
lurther, the chemical effects of radiations, especially on solutions, must be 
taken in consideration. It is seen, therefore, that a knowledge and understand- 

ing of various aspects of chemistry and chemical engineering are essential for the 
proper design of a complete chain-reacting system. 

1,183. Because operating personnel must be protected from the harmful con- 
sequences of exposure to excessive amounts of radiation, certain standards of 
permissible or tolerance dosages must be established. This involves a biological 
study of the effects of various radiations on living cells. The development of 
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methods for the protection of personnel and the measurement of nae 
intensities and degrees of exposure have become a specialized field, called hea . 
physics, in which physics and biology are combined. In this connection, as a 
as in connection with the direct operation of the reactor and its sea a 
equipment, the design of instruments for a oe and measurement 0 
i radiations has become important. 
ea there are a number of significant problems among the 
more conventional aspects of engineering which must be mentioned. ebabsue 
the most outstanding is that concerned with heat transfer, anne the hea 
fluxes possible in a nuclear reactor are much higher than those ae oe 
tered in power plants. T he thermal stresses in some reactors, coupled with tl ; 
effects of radiation on the physical properties of materials, necessitate Te 
attention to mechanical design. Other mechanical problems of a somewha 
different type arise from the requirements of remote control of various ae 
and the remote handling of radioactive substances. Finally, the ae an 
operation of automatic control and safety systems, using servomechanisms, 
involve the application of established principles in electricity and electronics. 
1.185. It will be apparent that, although many problems of epee oe 
engineering are essentially those with which all engineers should be amil . 0 
some extent, at least, the nuclear chain reaction introduces certain restric tom 
which must be taken into consideration in the solution of these ae i a 
necessary, therefore, for the nuclear reactor engineer to become fami . bi 
some of the fundamental aspects of physics, chemistry, and radiation biology, 
in order that he may apply his engineering knowledge to full advantage. 


Sympois Usep IN CHAPTER I 


A mass number 
amu atomic mass unit (1.660 X 10-4 gram) 
c velocity of light (8 X 10° cm/sec) 


C conversion ratio 
e base of natural logarithms 
E energy 


ev electron volt (1.60 X 10-” erg) 

G breeding gain 

k infinite multiplication factor 

kerr effective multiplication factor 

Kex excess multiplication factor 

l neutron generation time (or lifetime) 

L neutrons lost by leakage and nonfission capture 
m mass 

M migration length 

Mev million electron volts (1.60 X 10-° erg) 
n neutron density (neutrons/em'*) 
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N number of nuclei (usually per cm*) 

p specific power (watts/gram or kilowatts/kilogram of fissionable material) 
P nonleakage probability 

Q 10" Btu 

r isotopic ratio (N*5/N3) 

R radius (or similar dimension) 

t time 

T reactor period 


T'«x absolute temperature on Kelvin scale 
7’, absolute temperature on Rankine scale 
v velocity (cm/sec) 


4 atomic number 

a o./o; (ratio of nonfission to fission in pure fissionable material) 

B fraction of fission neutrons delayed 

” average number of neutrons liberated per neutron absorbed in fuel 
v average number of neutrons liberated per fission 

0 cross section 

W capture (nonfission) cross section 

“ fission cross section 


PROBLEMS 


1, The unit electrical charge is 4.80 X 10~ esu and 1 volt is 1/300 esu; verify the 
alatoment in the text that 1 Mev is equivalent to 1.60 X 10-* erg. Note that charge 
(in o#u) X potential (in esu) = energy (in ergs). 

2, Check the values given in Table 1.6 for the energy liberated by the complete 
fimaion of 1 pound of fissionable material, starting from the basis that 200 Mev of energy 
ave released per nucleus undergoing fission. 

4, Determine the decrease of mass (in grams) accompanying the complete fission of 
100 Ib of uranium-235. 

4, The heat of combustion of carbon is 7860 calories per gram. Calculate the de- 
orease in mass (in grams) that would be associated with the combustion of 100 lb of 
earbon, (Compare the result with that of the preceding problem.) 

5, An anthracite coal, consisting essentially of 80 per cent carbon and 20 per cent 
impurities, has a heat of combustion of 11,500 Btu/lb. Estimate the energy in electron 
volta produced by the combustion of 1 atom of carbon. 

(, ‘The mass of the hydrogen atom (H) is 1.00813, that of deuterium (D) is 2.01472, 
and that of helium (He) is 4.00388 amu. Ordinary water contains 1 atom of deuterium 
(0 6500 atoms of ordinary hydrogen. Determine the energy release in Btu per pound 
of water if (1) the hydrogen atoms were converted into helium by the reaction 4H — He, 
(4) if the deuteriim atoms only underwent the reaction 2D — He. 

7. A nuclear central-station electrical power plant has a capacity of 60,000 kw. If 
the thermal efficiency for the conversion of fission energy into electrical power is 20 
per cont, how many pounds of uranium-235 will be used up in a year of continuous oper- 
ation? How many tons of natural uranium would be required to supply this amount of 
(ielonable material? 

§, A heterogeneous system containing 1 atom of natural uranium metal to 100 atoms 
of carbon (as graphite) has an infinite multiplication factor of 1,06, Taking the density 
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of uranium as 19 g/cm and that of graphite as 1.6 g/cm’, make a rough estimate of the 
critical weight (in tons) of uranium metal and graphite in a bare spherical reactor of the 
given composition. (The atomic weights of uranium and carbon may be rounded off to 
238 and 12, respectively.) 

9. The effective multiplication factor of a reactor, using natural uranium as fuel, is 
suddenly changed from the critical value to 1.0050. Determine the resulting reactor 
period and estimate how long it would take for the neutron density to increase by a 
factor of ten. How would these values compare with those to be expected from a further 
increase of 0.005 in the effective multiplication factor? 

10. A homogeneous solution of a salt of natural uranium in heavy water has an infinite 
multiplication factor of 1.05; the migration length of thermal neutrons in the solution 
is 25 cm. Examine the prospects for a reactor, to produce plutonium and power, based 
on this system. 

11. A source of 10-Mev neutrons is placed in a homogeneous mixture of natural 
uranium and graphite. Review the possible reactions which may occur. 

12. What is the ratio of nonfission to fission capture of neutrons by plutonium for 
which breeding would just become possible, provided there were no loss of neutrons? 





Chapter IT * 


NUCLEAR REACTIONS AND RADIATIONS 





INTRODUCTION 


2.1. The purpose of this chapter is to present such fundamental aspects of 
nuclear physics as are required for an understanding of the processes occurring 
i © nuclear reactor. These processes include spontaneous radioactive decay of 
wanium, thorium, plutonium, etc., as well as of the numerous products formed 
in fission. Consideration is given to the mechanism of nuclear reactions involv- 
ing neutrons, notably radiative capture and fission, the latter process being 
(vented in some detail. Equations are developed for the rates of nuclear reac- 
(ions and it is shown how they may be combined to determine the concentrations 
of various isotopes that can be formed in a reactor. This information is impor- 
tant from the standpoint of production of fissionable material, on the one hand, 
and of poisoning by fission products, on the other hand. 

2,2, Mssentially all the processes occurring in a reactor, including radioactive 
(leony and neutron reactions, are accompanied by the emission of nuclear radia- 
tions of different kinds. The interactions of these radiations with matter pro- 
vide the basis for the methods used for their detection as well as for the develop- 
ment of suitable protective shielding. The following sections will deal with the 
weneral characteristics of nuclear reactions and radiations in so far as they are 
significant for reactor design and operation. 


RADIOACTIVITY 


RapDIoActTivE IsoToPES 


4.4, The naturally occurring forms of the great majority of elements are 


_ table, but a few of high atomic weight, from polonium (atomic number 84) 


miward, @&g., radium (88), thorium (90), and uranium (92), consist entirely of 
iiiimtable, radioactive isotopes. In addition, the elements thallium (81), lead 
("4), and bismuth (83) exist in nature largely as stable isotopes, but also to 
mine extent as radioactive. species. The unstable substances undergo spon- 


* Neviewed by A, H, Snoll, 
87 
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taneous change, 1.e., radioactive disintegration or radioactive decay, at definite 
rates. The decay is accompanied by the emission from the atomic nucleus of 
an electrically charged particle, either an alpha particle, i.e., & helium nucleus, 
or a beta particle, i.e., an electron.* Frequently the products of decay are them- 
selves radioactive, expelling either an alpha or a beta particle. After a number 
of stages of disintegration, an atomic species with a stable nucleus is formed. 

2.4. Besides the radioactive substances referred to above, all of which are 
found in nature, there have been produced in recent years a total of about 800 
so-called “artificial” radioisotopes of all the known elements. These have been 
obtained either by bombardment of stable elements with charged particles in 
cyclotrons, etc., by the capture of neutrons (§ 1.58), or as a result of nuclear 
fission. A few of them expel alpha particles, but a large proportion, including 
most of the fission products, are negative-beta emitters. A number of artificial 
radioactive species emit positive beta particles, i.e., positrons or positively 
charged electrons, but such substances play essentially no part in nuclear 


reactors. 
Rate or RADIOACTIVE DEcAY 


2.5. For a given radioactive species, every nucleus has a definite probability 
of decaying in unit time; this decay probability has a constant value character- 
istic of the particular radioisotope.t It remains the same irrespective of the 
chemical or physical state of the element at all readily accessible temperatures 
and pressures. Ina given specimen, the rate of decay at any instant is always 
directly proportional to the number of radioactive atoms of the isotope under 
consideration present at that instant. Thus, if N is the number of the particular 


radioactive atoms (or nuclei) present at any time é, the decay rate is given by 


dN 
a= ON: (2.5.1) 


where 2, called the decay constant of the radioactive species, is a measure of its 
decay probability. Upon integration between any arbitrary zero time, when 
the number of radioactive nuclei of the specified kind present is No, and a time 
t later, when N of these nuclei remain, it is found that 


N = Noe™. (2.5.2) 


Radioactive decay is seen to be an exponential process, the actual decay rate 
being determined by the decay constant \ and by the number of the particular 


nuclei present. 
2.6. The reciprocal of the decay constant, represented by tm, is called the 
* Although a negatively charged beta particle and an electron are identical, electrons 
originating in atomic nuclei are generally referred to as beta particles. 


+ It now appears that in certain circumstances the decay probability may be changed very 


alightly, but this possibility may be ignored here, 
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mean life or average life of the radioactive species; thus, 


1 
=> (2.6.1) 
It, can be shown that the mean life i 
s equal i 
Tail Gee eens qual to the average life expectancy of the 
Bike a most widely used method for representing the rate of radioactive 
wi is by means of the half life. It is defined as the time required for the 
eee radioactive nuclei of a given kind, or for their activity, to decay to 
half its initial value. Because of the exponential nature of the denny this time 
. i gran of ae of the radioisotope present. Thus, if a equation 
2.5.4 is set equal t ing ti ich i i 
a . q 0 3No, the corresponding time 3, which is the half life, is 


or 





(2.7.1) 


‘The half life is thus inversel i 
y proportional to the decay constant o ] 
(2.6.1), directly proportional to the mean life, 1.e., ee 


ty = 0.6931tm. (2.7.2) 


he half lives of known radioactive speci 
ive pecies range from i 
about a millionth, of a second to billions of an ewe nee 
om Since the number of nuclei (or their activity) decays to half its initial 
- ” 7 a half-life period, the number (or activity) will fall to one fourth by the 
end of two periods, and so on (Fig. 2.1). In general, the fraction of the initial 


2 
°o 


ACTIVITY OR NO. OF NUCLE! 





1 2 3 4 5 6 7 
NUMBER OF HALF-LIFE PERIODS 


Wie, 21 ype i i ioncti 
. Representation of exponential radioactive decay in terms of half-life periods 
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i ivi ini fter n half-life periods is (3). After 
ber of nuclei (or activity) remaining after 
seven half-life periods, the amount of radioactive material has decreased to less 


1 cent of its initial value. 
oe The half lives of a number of substances of interest in the nuclear energy 


field are quoted in Table 2.1. On the left side are given the half lives of species 


TABLE 2.1. CHARACTERISTICS OF RADIOACTIVE SPECIES 


: Artificial 
Naturally Occurring Artifici 





Species Activity Half Life Species Activity Half Life 











i Beta 23 min 
ium- h 1.39 X 10" yr | Thorium-233 
ue as eke 4.5 X 10° yr Protactinium-233 Beta 27.4 eee 
Tees Alpha 8.9 X 108 yr Uranium-233 Alpha 1.62 X yr 
ra - 


Uranium-239 Beta 23 min 
Neptunium-239 Beta 2.3 days : 
Plutonium-239 Alpha 2.41 X 10* yr 


Nie aol See os A 


which exist in nature, while on the right are those of artificial substances. Thus, 


thorium-233 is formed from thorium-232 by neutron capture (§ 1.61); it then 


decays to protactinium-233, which in turn yields uranium-233. Similarly, 


uranium-239 results when uranium-238 captures a neutron vo the suc- 

cessive decay products are then neptunium-239 and plutonium- . 1 
It is of interest to note that the three fissionable species, namely, 

Gis ’ lutonium-239, and the two fertile substances 


ium-233, uranium-235, and p 
aaee 232 ‘and Scania O88, all of which are alpha emitters, have long half 
ela On the other hand, the substances pro- 


i dso are comparatively stable. prog 
et hie the fertile nuclei capture neutrons, 1.¢., paaien ee eae 
ir i i ducts, ie., protactinium-238 an 
239, and their immediate decay pro yi 7 ee 
i i have relatively short half lives. 
239, which are all beta emitters, ae ee 
i fertile and fissionable isotopes can be kept Xt t 
pers sane ae On the other hand, since the intermediate stages om 
. ee capture of neutrons by fertile material have short lives, they will decay 
sabe completely within a few days to form fissionable species. 


RADIOACTIVE EQUILIBRIUM 


2.11. In a series of decay stages, such as those which follow nonfission Co 
aes by thorium-232 or uranium-238, or as Saieensior by the ae i a 
i i i hibited by many fission pr , 
the natural radioactive series, or as exiib ae 
i ordance with equation (2.9.1), 
‘oactive member of the series decays In ace ‘ 
cain own specific value for the decay constant. Such a series may be repre- 


sented by AMBMOMDS.... +X, 
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where A may be the parent of a natural radioactive series, or the species formed 
when a neutron is captured, e.g., thorium-233. or uranium-239, or it may be a 
radioactive fission product; the stable end-product of the series is represented 
by X. Consider any member of the series, other than the first or last, such as 
1}, for example. While the rate of decay is given by equation (2.5.1), it must be 
remembered that, at the same time, B is being formed by decay of A; hence, at 
any specified time, the net rate of change of B with time is given by 


a = Na — d2Np, (2.11.1) 





(he first term on the right representing the rate of formation of B, by decay of A, 
and the second term the rate of decay of B. A similar relationship applies to 
other members of the series. 

2.12. If Na is constant, as it is virtually in the natural radioactive series 
because of the very long half life of the parent, then a condition will sooner or 
later be reached when da is equal to ABN, so that, by equation (2.11.1), the 
not rate of change of B is zero. In other words, A is decaying to form B at the 
fame rate as B is decaying to form C, so that the amount of B in the system 
remains constant. This is called a state of radioactive equilibrium. In due 


(ime, all the members of a radioactive series, except the last, will be in radioactive 
equilibrium with one another, provided the amount of the parent remains essen- 
tially unchanged. 


2.13, Although in a reactor the situation is somewhat different, because the 
jwwents are formed by fission or by nonfission neutron capture, it will be shown 
later (§ 2,186, e¢ seg.) that, provided the power (or neutron density) remains 
Hondtant, a similar condition of equilibrium is attained. When the reactor is 
shut down or the radioactive material is removed, e.g., as spent fuel, the equilib- 
rium condition is disturbed. The rate of change in the amounts of. the various 
members of the series can then be determined by solving a set of differential 
equations of the form of equation (2.11.1). 


Raproactiviry Units: THe Curie 


2,14. The curie, which was based on the estimated activity of a gram of 
radium, is now defined as the quantity of any radioactive species decaying at a 
rate of 8.7 % 10! disintegrations per second (dis/sec). A sample of radioactive 
wiatorial is said to have an activity of 1 curie when it disintegrates at this rate. 
Mubsidiary units, for smaller quantities of active material, are the millicurie 
(1 me), which is a one-thousandth part of a curie, ie., 3.7 X 10’ dis/sec, and 
the mierocurie (1 we), a one-millionth of a curie, i.e., 3.7 X 104 dis/sec. For 
large amounts of radioactive substances two other units are often employed. 
These are the kilocurie, which is a thousand curies, and the megacurie, i.e., a 
million curios, 


2,15, It was shown above that a specimen containing N atoms (or nuclei) of 


——————————— I —<o———— Te 
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a given radioisotope decays at the rate XN, and since ) is equal to 0.693 /t3, where 
ty is the half life, it follows that 
0.693N 


Rate of decay = i dis/sec, (2.15.1) 





if {3 is in seconds. The number of individual atoms (or nuclei) present in 1 gram 
atom, i.e., the atomic weight in grams, is the Avogadro number, 6.02 X 10% 
(§ 1.87). Hence, if g grams is the weight of the radioisotope, of atomic weight 
A, present in the specimen, equation (2.15.1) leads to 


(0.698)(6.02 x 10°)g 
0.693 one X 10°)9 dis/sec. (2.15.2) 


Rate of decay = 


Upon introducing the definition of the curie, i.e., 3.7 X 10% dis/sec, it is found 


that 


Number of curies = Aly 


The mass of the substance having an activity of 1 curie, i.e., g/curies, is then 


At 
Mass per curie = ai gram. 


(2.15.4) 
The mass of a particular radioisotope having an activity of 1 curie thus depends 
upon both its atomic weight and its radioactive half life. For an isotope that 
decays slowly, i.e., one with a long half life, the mass per curie will, apart from 
the effect of atomic weight, be greater than for a rapidly decaying species. 

2.16. Some confusion and error have arisen in the determination of the activ- 
ity of a material in curies because of a failure to distinguish between the rate of 
disintegration and the rate of emission of particles. If a certain radioisotope 
emits a single type of radiation, e.g., beta particles only, then the rates of decay 
and of particle emission are the same. However, there are cases in which two 
particles are formed, e.g., a beta particle and a gamma-ray photon (see § 2.21)5 
and not necessarily in equal numbers. In such instances the total rate of 
particle emission is not a measure of the activity in curies. The latter is defined 
in terms of the actual rate of disintegration, and data based on particle emission 
may require correction for various reasons. . 

2.17. Before the discovery of nuclear fission, a 1-curie amount of radioactive 
material was considered to be very highly active. The operation of nuclear 
reactors has, however, led to the formation of relatively large quantities of 
intensely radioactive fission products. Consequently, activities of the order of 
thousands or even millions of curies, i.e., kilocuries or megacuries, are now not 
unusual for the fuel elements immediately after removal from a reactor (see 
Chapter VII). 

2.18. It may be mentioned here that a unit of a different type, which is related 
to the effect produced by (or energy absorbed from) the radiation emitted by a 
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radioactive material, is used in health physi i it i 
material, physics work. This unit is call 
‘roentgen”’: it will be considered more fully in Chapter IX. ae 


Gamma Rays AND X-RAYS 


2.19. In many instances, when a nucleus suffers radioactive decay, the product 
(or daughter) nucleus is not in its lowest energy state or ground state In other 
words, the product nucleus is in an excited state having energy in one of the 
ground state. Within a very short time, perhaps 10-" sec, of its formation, the 
excited nucleus emits the excess (or excitation) energy in the form of alesino 
magnetic radiation, called gamma rays (Fig. 2.2). These rays are similar fe 
sharacter to X-rays; they are highly penetrating and have short wave length 
usually in the range of 10-° to 10-" cm. ve 

2.20. Although the term gamma rays was originally used, as indicated above. 
lo describe the electromagnetic radiations which frequently accompan radio. 
notive decay, the definition has now been extended to include all such ies 
ol nuclear origin. Examples are the radiations accompanying fission and neutron 
renctions of the radiative capture type (§ 1.57), as well as those associated with 
inelastic scattering processes (§ 1.51). In each case, the rays are emitted when 
& nucleus undergoes transition from a higher-energy to a lower-energy state 

2.21. According to the quantum theory of radiation, the energy of the quan 
rays (and of other electromagnetic radiations) is emitted as photons; these ma; 
he regarded as “atoms” or ‘“‘particles’’ of the radiation concerned The ener, 
of the photon is equal to the difference in energy between the ‘0 energy st aS 
involved in the transition, i.e., to the energy # in Fig. 2.2. pean 

2,22. If the energy transition takes place directly from the excited state to 
(he ground state, one photon will carry the whole of the excitation energy. In 
some cases, however, the transition occurs in two (or more) stages, e.g., tom a 


RADIOACTIVE 





GROUND STATE 
DAUGHTER 


Tia, 2.2, Emission of gamma rays in radioactive change 
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higher to a lower excited state and then to the ground state. The total excita- 
tion energy is then divided among two (or more) photons, the energy of each 
being equal to the energy change in the corre- 

PARENT sponding transition (Fig. 2.3). 

2.23. It has become the common practice to 
describe gamma radiation in terms of its photon 
energy. For example, the expression “1-Mev 
gamma rays” refers to radiation with photons 
carrying 1 Mev of energy. It may be noted that 
nuclear excitation energies are generally of the 
Y order of Mev’s, usually ranging from one tenth 
to ten million electron volts. The energies of 
gamma rays are consequently of this order of 
magnitude.* 

2.24. Apart from the fact that X-rays fre- 
quently have lower energies, the essential differ- 
ence between gamma rays and X-rays is that the 

DAUGHTER latter are produced outside the atomic nucleus. 

Fic. 2.3. Emission of two The characteristic X-rays, which, as their name 
gamma-ray photons in radio- implies, have definite energies (and wave lengths) 
active change characteristic of the particular element concerned, 

result from transitions between electronic energy 

levels of the atom. These radiations are, however, of little significance for the 
present purpose. Of greater interest are the continuous X-rays, frequently 
called bremsstrahlung, i.e., braking (or slowing down) radiations, covering a 
considerable range of energies. These are produced when electrons (or beta 
particles) of high speed are slowed down as a result of interaction with matter. 

2.25. Asa general rule, the fraction of the kinetic energy of the electrons con- 
verted into radiation in this manner increases with the energy of the electron 
and with the atomic number of the material in which it is slowed down. The 
energy of the resulting X-rays covers a large range; the maximum is close to 
that of the electrons (or beta particles), but the average energy is much less. 
When electrons of energies of 1 Mev or more interact with elements of high 
atomic number, e.g., lead, some of the resulting bremsstrahlung, although 
originating outside the nucleus, are indistinguishable in their behavior from 
gamma rays arising from nuclear transitions. 






R 
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LOWER 
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GROUND STATE 


INTERACTION OF RADIATIONS WITH MATTER 


Ion1ziIna RADIATIONS 


2.26. In its passage through matter, a fast-moving charged particle, such as 
an alpha or a beta particle, will occasionally approach close enough to an atom 


“The wave length of gamma raya can be related to the preice energy by means of the 
quantum theory; thus, wave length (in om) 1,24 * 10°"/H (in Mev), 
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(or a molecule) for the electrical interaction to be sufficient to remove an external 
(or orbital) electron from the atom. The residue of the atom, after removal of 
the electron, is a positively charged ion, ‘and the system of the separate electron 
and ion so formed is called an ion-pair.* Electrically charged particles are thus 
able to cause ionization, and, as they traverse matter, they leave behind a num- 
ber of ion-pairs in their path. For this reason, alpha and beta particles are 
frequently referred to as ionizing radiations. 

2.27. The intensity of the ionization produced by a moving charged particle 
iw expressed by the specific ionization; this is the number of ion-pairs formed per 
om of path in a given material. For charged particles of the same mass, the 
specific ionization increases with the charge. For particles of the same energy, 
those of higher mass produce a higher specific ionization. Since they move 
more slowly, the heavier particles (of given energy) spend more time in the 
vicinity of a given atom or molecule of the material through which they pass, 
(hus increasing the probability of ionization. 

2.28. The specific ionization due to an alpha particle, mass about 4 amu 
(§ 1,43), is thus considerably greater than that caused by a beta particle, mass 
(,00055 amu, of the same energy. In their passage through air at atmospheric 


2.29. The energy required to produce an ion-pair varies from one medium to 
another. Consequently the specific ionization produced by a charged particle 


_ depends on the nature of the medium through which it passes, as well as on the 


harge, energy, and mass of the particle. In its passage through air, a charged 
particle loses, on the average, about 32.5 ev of energy for every ion-pair produced. 
hia energy varies somewhat with the nature of the particle, but the figure 
quoted may be accepted for most purposes. It is seen, therefore, that an alpha 
particle having an initial energy of 5 Mev will be capable of forming something 
like 1.5 X 10° ion-pairs in air. Since the specific ionization is roughly 5 X 10* 
jon-pairs/em, the ionization will occur over a path length (or range) of about 
fiom. The effective range for a beta particle of the same energy will be nearly 
# thousand times greater. 

2.30. Gamma rays and X-rays do not carry an electric charge and so are not 
joniving radiations. Nevertheless, as will be seen below, in their passage through 
matter these rays eject electrons and the latter, being electrically charged, are 
able to produce ionization. Gamma rays and X-rays thus cause ionization 
indirectly; they can also cause electronic excitation directly or indirectly. 
Neutrons, which are also electrically neutral, behave somewhat similarly, al- 
though a different mechanism is involved. The direct ionization (and excita- 
tion) caused by alpha and beta particles and the indirect ionization (and 


* Tn some interactions the energy transferred from the radiation to the atom or molecule 

may be insufficient to cause ionization, i.e,, removal of an electron, but may be sufficient to 

ino oe electron to a higher energy level, so that the atom or molecule is in an excited 
tronio state, ; 


pressure, alpha particles produce approximately 50,000 to 100,000 ion-pairs per » 
om, whereas beta particles of similar energy form about 30 to 300 ion-pairs/em. ~ 


f- 
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excitation) due to gamma rays, X-rays, and neutrons are important in connec- 
tion with methods of measuring or counting these nuclear radiations and also 
with their effects on living tissue. 

2.31. The majority of the separated positive ions and electrons formed, 
directly and indirectly, when nuclear radiations traverse matter, will sooner or 
later reunite to produce neutral atoms or molecules. This process is accom- 
panied by the liberation of energy in the form of heat. Hence essentially all the 
energy of nuclear radiations is ultimately degraded into heat, as stated in 
Chapter I. Some of the charged particles may become involved in chemical 
action; in this event, a portion of the energy of the radiation is converted into 
chemical energy. 


ABSORPTION OF AupHa PARTICLES 


2.32. If the specific ionization caused in air by alpha particles from a given 
source is measured at various distances from the source, a curve of characteristic 
shape, called a Bragg curve, is obtained. A typical Bragg curve is shown in 
Fig. 2.4. It is seen that the specific ion- 
ization increases with increasing distance 
from the source, at first slowly and then 
rapidly; after passing through a maximum, 
it drops sharply to zero. The increasing 
specific ionization is accounted for by the 
fact that, as the alpha particle traverses 
its path, producing ion-pairs as it proceeds, 
its energy and, consequently, its. speed 
decrease steadily. The specific ionization, 


SPECIFIC IONIZATION 


which increases with decreasing speed, as — 
stated above, thus increases with distance 


R from the source. Near the end of its 
path, when the alpha particle is moving 
relatively slowly, the specific ionization 
reaches a maximum. 

2.33. Beyond a certain point, the energy 
of the alpha particle has become so low that it captures one and then two elec- 
trons, being thus converted into a neutral helium atom no longer capable of 
producing ionization. This explains the decrease in the specific ionization 
shown in Fig. 2.4. The fact that this decrease is relatively sudden, and not 
gradual, is of interest; it implies that all the alpha particles from a given source 
have practically the same energy, and all cease to produce ionization after hav- 
ing traveled the same distance. Strictly speaking, if all the alpha particles be- 
haved exactly alike, the end portion of the curve would be vertical, but minor 
differences account for the slight slope, _ ‘The extrapolated distance, repre- 


DISTANCE FROM SOURCE IN AIR 
(OR THICKNESS OF AIR) 


Fia. 2.4. Specific ionization and 
range of alpha particles 
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sented by R, at which alpha particles from the given source effectively cease to 
produce ionization, is called the range of the particles. 

2.34. The range of alpha particles in air (or in other material) depends on 
the source; for particles of radioactive origin, it varies from 2.5 cm (1.0 in.) 
for thorium-232 to 8.6 em (3.4 in.) for thorium C’. There is an inverse relation- 
ship between the half life of the radioisotope and the energy, and hence the 
range, of the alpha particles. Thus, the shorter the half life, the greater the 
alpha-particle range. Some of the data for alpha-particle emitters of interest 
in nuclear reactors are given in Table 2.2. Uranium-235 produces two groups 
of alpha particles with slightly different energies and ranges. 


TABLE 2.2. HALF LIVES, ENERGIES, AND RANGES IN AIR 


Range in Air 





Half Life Energy 
Radioelement (yr) (Mev) (em) (in.) 
Thorium-232 1.39 x 10” 4.0 2.5 1.0 
Uranium-238 4.5 X 10° 4.2 2.7 1.06 
Uranium-235 8.9 X 108 4.4 and 4.6 2.9 and 3.1 1.15 +0 1.2 
Uranium-233 1.62 x 10° 4.8 3.3 1.3 
Plutonium-239 2.41 X 104 5.1 3.6 14 


2.35. In absorbing materials more dense than air the specific ionization is, in 
general, greater because of the greater concentration of atoms, and hence the 
range of alpha particles of given energy is less than in air. The relative stopping 
power of an absorber is defined by 


Relative stopping power = Range of alpha particle in air 
; Range of alpha particle in material 2804) 


1) in essentially independent of the alpha-particle energy, provided, of course 
that the ranges refer to particles from the same source. ; 

2,36. The relative stopping power of water is about 1000, for aluminum 1600 
anc for lead it is over 5000. Paper and animal tissue have roughly the adie 
alopping power as water, i.e., around 1000. If an alpha particle has a range of 
my, 2 in. in air, which is relatively high, the range in paper or living tissue would 
lw about 0.002 in., i.c., 2 mils. Thus, an ordinary sheet of paper, having a 
(hiekness of roughly 4 mils, would stop essentially all alpha particles of radio- 
motive origin. 

2.87. Another method for representing the absorbing effect of a medium is 
hy moans of the thickness density, frequently referred to, in brief, as the ‘“thick- 
jonn,’’ It is the product of the linear range of the given particles in the medium 
and the density of the medium; thus, if the range is R cm and the density is 
pu/em', then 
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Thickness density = R X p g/cm? (2.37.1) 
1000R X p mg/cm’, 


I 


according as the value is expressed in g/cm? or mg/cm. The latter is generally 
used because the numbers are then of a reasonable magnitude. Physically, the 
thickness density is the mass per unit area of absorbing medium required to 
stop (or absorb) the given alpha particles, i.e., having a linear thickness equal 
to the range of the particles. 


ABSORPTION OF BETA PARTICLES 


2.38. The passage of beta particles through matter has some features in 
common with the behavior of alpha particles, e.g., production of ion-pairs at the 
rate of about 32.5 ev/ion-pair in air, but there are some important differences. 
As stated earlier, the smaller mass of the beta particle means that the specific 
ionization is less than that due to an alpha particle of the same energy. Further, 
all the alpha particles from a given source have essentially the same energy, or 
they fall into two or three groups of definite energy. Beta particles, on the 
other hand, have a continuous distribution of energies, i.e., a continuous energy 
spectrum, up to a fairly definite maximum for each particular source (Fig. 2.5). 
This maximum energy is believed to be equal to the total energy of the radio- 
active transition, and it has been suggested that the difference between the 
maximum and the actual energy of the beta particle is carried off by an elec- 
trically neutral particle of negligible mass, called a neutrino (cf. § 1.58, footnote).* 

2.39. Because of their relatively large mass, alpha particles do not, on the 
whole, undergo any marked change of direction in their passage through matter. 
In other words, the majority travel in straight lines, thus leading to a fairly 
definite range for a given energy. Beta particles, however, are subject to con- 
siderable scattering, with frequent changes in direction as a result of collisions 
with atomic nuclei and electrons. Consequently, beta particles which have 
passed through the same thickness of a given absorber may come out in widely 
different directions, so that they will actually have traversed paths of different 
lengths in the material. 

2.40. The combined effect of the continuous energy spectrum of beta par- 
ticles and their scattering means that these particles do not have a definite 
range, as do alpha particles from a given source. However, due to a fortuitous 
combination of circumstances, which are too complex for complete theoretical 
analysis, it is found experimentally that the ionization caused by beta radiation 
from a given source falls off in a roughly exponential manner with distance. 
The general form of the plot of the logarithm of the ionization produced against 
the thickness of the absorbing material is shown in Fig. 2.6; except for small or 
large thicknesses, the curve is approximately linear. At large absorber thi¢k- 


*The average energy of the beta particles from a given source is about one third of the 
maximum value, 
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nesses the curve becomes almost horizontal, indicating a more or less constant 
ionization. This “‘tail” of the curve is due to the presence of the highly pene- 
trating bremsstrahlung (§ 2.24) resulting from the deceleration of the fast- 
moving beta particles in their passage through the absorbing medium. 

2.41. The rate of energy loss as bremsstrahlung per unit path length by beta 
particles (or electrons) is approximately proportional to the square of the atomic 
number of the absorber and to the energy of the particles. The association of 
bremsstrahlung with the passage of beta particles of given energy through mat- 
ter is thus most marked with elements of high atomic number. The radiations 
cover a range of energies up to a maximum equal to the initial (maximum) 
energy of the beta particles. 


LOG IONIZATION 


SQGF SETA PRETILES 





ENERGY ABSORBER THICKNESS 


Wa, 2.5. Energy spectrum of beta 
particles 


Fig. 2.6. Absorption of beta particles 


2.42. If gamma rays are emitted from the beta-particle source they will, of 
wourse, also contribute to the “tail” in Fig. 2.6. After passage through consid- 
erable thicknesses of material, both gamma radiation and bremsstrahlung will 
he absorbed. 

2.43. Although the beta particles do not have a definite range, in the same 
sonne as do alpha particles, it is nevertheless possible to specify a more or less 
definite thickness of absorber which will reduce almost to zero the ionization due 


TABLE 2.3. APPROXIMATE RANGES OF 
BETA PARTICLES IN AIR 





Energy Range-——— 

(Mev) (meters) (ft) 
0.1 0.11 0.36 
0.5 1.5 4.9 
1.0 3.7 12 
2.0 8.5 28 
8.0 13 43 
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to beta particles of given energy, apart from the effect of bremsstrahlung.’ The 
approximate ranges in air of beta particles of various maximum energies are 
given in Table 2.3. It may be noted that the average maximum energy of the 


beta particles from fission products is about 1.2 Mev ; the absolute maximum 


energy probably does not exceed 3 Mev and may be appreciably less. 

2.44. As is the case with alpha particles, the approximate range of beta 
particles in an absorbing material is frequently expressed in terms of its thick- 
ness density in grams per cm? as defined by equation (2.37.1). The values for 
aluminum as absorber have been determined experimentally for beta particles 


ALUMINUM THICKNESS, G/cm2 
3 


2 
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oO 
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BETA PARTICLE ENERGY, MEV 


Fie. 2.7. Aluminum thickness density (g/cm?) as function of beta-particle energy 


from various sources, and the results fall on or very close to the curve shown in 
Fig. 2.7; the ordinates are the thickness densities of aluminum in grams per cm? 
required to absorb beta particles with maximum energies indicated by the 
abscissae. Within the range of about 0.8 to 3 Mev, the relationship between 
the absorption thickness density (R X p) of aluminum and the maximum 
energy (Hm) of the beta particles from the given source is linear and may be 
represented by the expression 


R X p (g/cm?) = 0.54F m (Mev) — 0.15. (2.44.1) 


2.45. In the absence of other data, it may be supposed, as a first approxima- 
tion, that the absorption thickness density is independent of the nature of the 
absorbing material; this is based on the assumption that the linear range of the 
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beta particles in any medium is inversely proportional to the density. In this 
event, the values of R X p given by equation (2.44.1) would be the same for all 
absorbers. The (approximate) linear range in any material can then be ob- 
tained if the density is known. 


Nxample Estimate the maximum range in concrete of density 2.8 g/cm! of beta particles 
from fission products. 

As stated in § 2.43, the energy of the beta particles from fission products does not 
exceed 3 Mev; hence, from equation (2.44.1), the corresponding maximum value of 
Rh X pis 147 g/cm. Since pis given as 2.8 g/cm’, it follows that 


R = 1.47/28 = 0.53/em. 
‘The maximum range is thus about 0.53 cm, or 0.21 in., in concrete. 


2.46. Positive beta particles, i.e., positrons, behave like negative beta particles 
in their interaction with matter. There is, however, another factor to be con- 
sidered in the former case. Within a very short time of its liberation, a positron 
in likely to combine with an electron, of which large numbers are always present 
in matter as the outer electrons of atoms. The positively charged positron and 
hogatively charged electron neutralize one another; the particles are thereby 
annihilated and energy is liberated in the form of radiation, called annihilation 
radiation. The total mass of a positron and an electron is 0.00110 amu and, by 
mquation (1.76.2), this is equivalent to 1.02 Mev. In order that momentum 
inuy be conserved this energy is usually divided equally between two photons 
moving in opposite directions. The energy of the annihilation radiation, which 
lus properties similar to gamma radiation, is thus mainly 0.51 Mev, although 
(here may be a small proportion of 1.02-Mev energy. 


INTERACTION or Gamma Rays wita MATTER 


2.47. Although X-rays, bremsstrahlung, and annihilation radiation are not 
sirietly gamma rays, since they do not arise from nuclear transitions, they are 
tontially identical with gamma rays in their fundamental nature. As far as. 
(heir interaction with matter is concerned, the only differences that may arise 
ure the result of the higher energies, in general, of the gamma radiations. The 
(linoussion in the following paragraphs may, therefore, be taken as applicable to 
ill electromagnetic radiations of high energy, e.g., 0.01 to 100 Mev. 

4,48, There are several ways in which gamma rays interact with an absorbing 
waterial; three, namely, the photoelectric effect, the Compton effect, and pair 
jroduction, are important and will be considered here in some detail. Certain 
Hither reactions due to gamma rays will be mentioned elsewhere (§ 2.74). 


Puoror.iectric Errecr 


2,49. In the photoelectric effect, a gamma-ray photon, with energy greater 
than the binding energy of an orbital electron in an atom, interacts with the 
latter in sueh a way that the whole of the gamma-ray energy is transferred to an 


mh) 
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electron which is consequently ejected from the atom. If E is the energy of 
this gamma-ray photon and B is the binding energy of the electron in the atom, 
the difference, ie., # — B, is carried off as kinetic energy by the ejected electron. 
The photoelectron, as it is called, behaves like a beta particle of the same energy 
in its passage through matter. For gamma rays of high energy, the photoelec- 
trons are mainly expelled in the forward direction, i.e., in the same direction as 
the incident gamma rays, but for low-energy rays, the emission is largely in the 
direction at right angles. 

2.50. The extent of the photoelectric interaction depends on both the energy, 
E, of the gamma radiation and the atomic number, Z, of the absorbing material. 


As a rough approximation, 
Probability of photoelectric interaction ~ const. X 2 


where n varies from 3, for gamma rays of low energy, to 5, for high-energy rays. 
Tt is apparent, therefore, that the photoelectric effect increases with increasing 
atomic number of the absorber and with decreasing energy of the gamma rays. 
In actual practice, it is found that photoelectric absorption of gamma radiation 
is important only for energies less than about 1 Mev, and then only for absorbers 
of high atomic number (cf. Figs. 2.10 and 2.11 below). 

2.51. Following the expulsion of the photoelectron, another electron, from an 
outer orbit, takes its place in the atom; this transition is accompanied by the 
emission of characteristic X-rays. These are of low energy, as compared with 
the original gamma radiation. The expulsion of the X-ray photon frequently 
causes the ejection of an outer electron, called an Auger electron, in a type of 
photoelectric (Auger) effect; the photon thereby loses all of its energy. The 
Auger electron will escape from the atom and will dissipate its energy as & 
result of interactions similar to those experienced by a beta particle. It is evi- 
dent, from the foregoing discussion, that the photoelectric effect leads to the 


te absorption of the gamma-ray photon; it may be replaced, to 


virtually comple 
some extent, by X-ray photons of low energy, but few of these escape as such 


from the absorbing material. 


Compron EFrFrEcT 


2.52. In this process a gamma-ray photon makes an elastic (or “billiard-ball’’) 
collision with an outer electron of an atom of the absorbing material. Such an 
electron is loosely bound so that it behaves as if it were completely free. In 
the collision both momentum and energy are conserved, and part of the energy of 
the incident photon is transferred to the electron; at the same time the photon 
is deflected, i.e., scattered, from its initial path (Fig. 2.8). The relation between 
the energy E of the incident photon, E’ of the scattered photon, both in Mev, 
and the scattering angle 9, is given by* 

*The quantity 0.51 Mev, which appears in this equation, is moc’, where mo is the mass of 
the electron at ret, and ¢ in the velocity of light, Tt in the energy equivalent, according to 
the Winateln equation, of the rowt mass of the electron (of, § 2,46), 
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E’ = es eee ae 
1 — cos@ + 0.51/E 


ae . the oe angle is small, cos 6 ~ 1, and then Z’ is approximately 
) o E. is means that the scattered phot i 

the energy of the incident photons, pro- Bone sre re Tee 
ceed in a nearly forward direction. On 


(2.52.1) 






the other hand, for @ = 90°, cos Ze 
? a s6= Y 
and then ~ e a 
» _ 0.518 S 
F' = F+08i < 0.51 Mev. INCIDENT GAMMA 7 


ene a photon scattered at 
right angles cannot have ener reat 
than 0.51 Mev. ee 
2.54. The fraction of the initial en- 
ergy carried by the scattered photon 
for different scattering angles is derived 
from equation (2.52.1) as 


Fig. 2.8. Compton scattering of 
gamma-ray photon 


Bo aS. 
E” E(1 — cos @) + 0.51 


F f <aarueee Na ot this fraction decreases with increasing energy of the 
‘ident photon. In other words, for a given scatteri 
es ne ering angle, the greater th 
energy of the incident photon, the smaller th i gray iers 
e fraction remaini 
tered photon, and the lar i ee 
, ger the fraction (and 
amma ray in the Compton interaction. Seer re ree ware 
=. aa the ce effect involves interaction between a photon and an 
‘lectron, its magnitude is dependent on the number of orbi j 
atom of the absorber; this is the sam onie eae 
_ the e as the atomic numb 
interaction is thus dicootl i Cah ee aie 
y proportional to the atomic numb 
wo that, like the photoelectric eff it 1 ‘ihaaateds ee 
at, ect, it is more significant f i sai 
alomic number. The energy de ae 
unr pendence of the Compton effect is gi 
Klein-Nishina formula.* This i a ee 
; s is somewhat too complicated 
hut it can be stated that th i ee ee a a 
, e Compton interaction decreases m i ih 
at onot 
noreasing energy of the gamma radiation (cf. Figs. 2.10 and 2 ieee . 
ough approximation, it is possible to write ne pic oe 


Probability of Compton interaction ~ const. X 2. 
pall, 


2.86. There is a significant differen 

ce between the photoelectric and C 
aba to which attention must be called. The photoelectric effect ate 
absorption process; that is to say, the photon is absorbed, as stated above. In 


*©, Klein and Y, Nishina, 2. Physi 
‘ y ysik, 52, 85 ° Tat “ 
mer of Radiation,” Oxford University bie rd ed 1084" Shae: ¢ aac 
troductory Nucloar Physics,” John Wiley and Sons, Inc 1960 p 189 Been 
” ) Pp. . 
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the Compton process, however, there is merely a decrease in the photon energy, 
the extent of this decrease being greater the larger both the initial energy and 
the scattering angle. A photon which has been scattered in a Compton inter- 
action will thus still be present in the medium, although it will have a somewhat 
lower energy and may be moving in a different direction. Such a photon may 


suffer several Compton collisions in a sufficiently thick absorbing medium. The | 


photon is then said to undergo multiple scattering. If it does not escape, the 
scattered photon will ultimately be absorbed as a result of photoelectric inter- 
action which becomes increasingly probable as the energy decreases (§ 2.50). 


Pair PRODUCTION 


2.57. When a gamma-ray photon with energy in excess of 1.02 Mev passes 
near the nucleus (and to some extent the outer electrons) of an atom, the 
photon can be annihilated in the strong electrical field with the formation of an 
electron-positron pair. Since the energy equivalent of the total mass of an 
electron and a positron is 1.02 Mev (§ 2.46), this is the minimum energy neces- 
sary for the production of the pair of particles. Any energy of the gamma-ray 
photon in excess of 1.02 Mev appears mainly as kinetic energy of the electron 
and positron, with a small fraction transferred to the atomic nucleus. The 
particles produced tend to travel in the forward direction, the effect becoming 
more evident with increasing gamma-ray energy. 

2.58. The extent of pair production by gamma radiation of energy E (in Mev) 
is related to the atomic number Z of the absorber by 


Probability of pair production ~ const. X Z4(E — 1.02), 


so that it increases with the atomic number of the absorbing material and with 
increasing photon energy in excess of 1.02 Mev. Actually this expression allows 
only for pair formation in the electrical field of the nucleus, but in addition the 
process occurs, to some extent, in the fields of the orbital electrons. This con- 
tribution also increases with the atomic number. Since both the photoelectric 
and Compton effects decrease with increasing gamma-ray energy, whereas pair 
production increases, it is evident that the latter process will become of greater 
importance at high energies. For absorbers of high atomic number it becomes 
the dominant type of interaction for gamma rays with energies in excess of 
about 5 Mev. 

2.59. As in the photoelectric effect, pair production results in the absorption 
of the gamma-ray photon. It is true that some of the electrons and positrons 
formed will neutralize one another and produce annihilation radiation, consisting, 
in general, of two 0.51-Mev photons (§ 2.46). However, because of the rela- 
tively low energy of this radiation, and the fact that it has an isotropic distribu- 
tion, i.e., it is spread uniformly in all directions, so that the proportion continu- 
ing in the forward direction is small, it may be assumed for many practical 
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purposes, e.g., in shielding, that the photon is completely absorbed in pair 
production. 


ABSORPTION OF GAMMA Rays 


2.60. In their passage through matter the gamma-ray photons are absorbed 
so that the intensity falls off in an exponential manner. This arises from the 
fact that the extent of absorption in a small thickness dz of matter, at any point 
in the medium, is proportional to the radiation intensity at that point and to 
the thickness traversed, i.e., 


it ae a de be a giteahtibe (2.60.1) 
where J is the intensity, expressed as photons (or Mev) per cm? per sec, and the 
proportionality constant, », usually given in cm™ units, is called the linear 
absorption coefficient of the absorber for the given radiation. If a collimated 
beam of monoenergetic gamma rays of intensity J) passes through a thickness 
w om of absorber, the intensity J, of the emergent beam is obtained by integra- 
tion of equation (2.60.1); the result is 


. I, = Ine“ (2.60.2) 
log A8 — 0.4343 
i 4343 ux. (2.60.3) 


‘he general character of the variation of the radiation intensity with thickness 
of the absorber is shown in Fig. 2.9, which is a representation of equation 
(2.60.3). It should be mentioned 
that this expression is particularly 
applicable to small or moderate 
thicknesses of absorber, so that pho- 
tons which have suffered Compton 
soattering are essentially lost from 
the collimated beam. 

2.61. One of the consequences of 
the exponential absorption of gamma 
rays is that, although the amount of 
radiation absorbed by a_ specified 
(hickness of material is proportional 
(o the intensity, the fraction absorbed 
(or emerging) is independent of this 
intensity. For some purposes it is 
wonvenient to define a tenth-value 
layer; this is the thickness of a given absorber required to decrease the radia- 
tion intensity to one tenth of its original value.* According to equation 

*A “halfevalue layer,” defined in an analogous manner, is also used, 


LOG Ix 





Fia. 2.9. Variation of gamma-ray inten- 
sity with absorber thickness 


layers will decrease th 
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i i i i f the absorbing material and ° 
60.3) this thickness is a specific property 0 ab : 
oe a depend on the intensity of the incident radiation. One tenth-value 


: Fe Ne ity 
layer will reduce the radiation intensity 
ete will reduce it by a factor of (0.1), Le., 0.01, and soon. In general, n such 


by a factor of 0.1; two tenth-value 


e gamma-ray intensity to (0.1)” or 10 of its ance 
2.62. As seen earlier, more or less definite ranges can be eae . = : o : 

beta radiations of specified energy in a given medium. oe ices ee 

tial nature of the absorption, nillie pan a : abies ea 2 rae 

retical consequence of equatl -60. 

eat ec is required to absorb gamma radiation sence cage set 

I, =0. Nevertheless, in practice a finite, although not very d : — ; 

will reduce the intensity to a point where it 1s relatively insignificant. 


ABSORPTION COEFFICIENT AND GAMMA-RAY ENERGY 


2.63. The linear absorption coefficient varies with iar pated of arena 
bs i i his radiation with matter, a 
because the modes of interaction of t i 
aes are all energy dependent in different ways. By measuring the intensity 
’ 


ABSORPTION COEFFICIENT, 2 x 104 CM 





GAMMA RAY ENERGY, MEV 


Fie. 2.10. Linear absorption coefficients of gamma rays in air 


of a collimated beam of monoenergetic gamma, rays before (Io) and after (Iz) 


passage through a known thickness (2 cm) of absorber, and using equation 


(2.60.3), the linear absorption coefficient (u em!) can be determined experi- 


ini i ith theoretical considerations, it 
i combining experimental data with ti ‘ 
Sa to aivide the observed absorption coefficient for a given gamma-ray 
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energy into three parts, representing the contributions made by the photoelectric 
effect (upe), by the Compton effect (ue), and by pair production (upp), respec- 
tively. The results for an absorbing material of low (average) atomic number 
(air) and for one of high atomic number (lead) are given in Figs. 2.10 and 2.11, 
for gamma-ray energies up to 9 Mev. 


ABSORPTION COEFFICIENT, p CM! 


Hrotar 





0 1 2 3 4 5 6 7. 8 9 
GAMMA RAY ENERGY, MEv 


Fie. 2.11. Linear absorption coefficients of gamma rays in lead 


2,64. It will be observed, in the first place, that the total absorption coefficient 
lor lead is of the order of 10‘ times that for air; this is due to the fact that all 
\hree types of absorption interaction increase with increasing atomic number of 
(he absorber. For air, the photoelectric effect is so small at appreciable gamma- 
tay energies that it makes no significant contribution; there is, consequently, no 
Hurve for Ap in Fig. 2.10, and the Compton effect is dominant up to energies of 
¥ Mev or more. Because both pp. and yw. decrease with increasing energy, 
Whereas App increases for energies exceeding 1.02 Mev, the total absorption 
Hoollicient may be expected to exhibit a minimum at a particular energy. Such 
( flat minimum is evident in Fig. 2.11 for lead, at a gamma-ray energy of about 
to 4 Mev. It undoubtedly also exists for air as absorber, at a much higher 
Hhorgy. 


78 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING (2.65 


2.65. The linear absorption coefficients of water, aluminum, iron, and lead, 
for gamma rays with energies from 0.5 to 5.0 Mev, are given in Table 2.4. In 


TABLE 2.4. LINEAR ABSORPTION COEFFICIENTS IN CM! UNITS 











Energy (Mev) Water Aluminum Tron Lead 
0.090 0.23 0.63 1:7 
na 0.067 0.16 0.44 0.77 
1.5 0.057 0.14 0.40 0.57 
2.0 0.048 0.12 0.33 0.51 
3.0 0.038 0.090 0.30 0.47 
4.0 0.033 0.082 0.27 0.48 
5.0 0.030 0.074 0.24 0.48 





each case the absorption coefficients are seen to decrease with increasing gamma- 
ray energy, at least up to energies of about 5 Mev. This means that, within 
this range, the higher the energy the greater the thickness of a given material 
required to absorb a specified fraction of the radiation. 


Mass ABSORPTION COEFFICIENT AND THICKNESS DENSITY 


2.66. If the ordinary (or linear) absorption coefficient, given in em™, is 
divided by the density of the absorber, in grams per cm’, the result, i.e., u/p, 
is called the mass absorption coefficient, expressed in cm? per gram. Some values 
for the four absorbers referred to above are recorded in Table 2.5. It will be 


TABLE 2.5. MASS ABSORPTION COEFFICIENTS IN cM? PER GRAM UNITS 








Energy (Mev) Water Aluminum Tron Lead 
0.090 0.085 0.087 0.15 
3 0.067 0.059 0.056 0.068 
1.5 0.057 0.052 0.051 0.050 
2.0 0.048 0.044 0.042 0.045 
3.0 0.038 0.033 0.038 0.041 
4.0 0.033 0.030 0.034 0.042 
5.0 0.030 0.027 0.030 0.042 





observed that the mass absorption coefficients vary with the gamma-ray energy, 

but at any particular energy, especially in the range from 1 to 3 Mev, the values 

for different absorbing materials are approximately the same. This fact can 

be used to estimate absorption coefficients roughly when direct experimental 
re lacking. a: 

ae es has a density of unity (in gram per cm* units), its linear and 

mass absorption coefficients are identical, and so either may be taken as equal 
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to the (approximately) constant mass absorption coefficients of other substances. 
The linear absorption coefficient (uw) for any absorber, for gamma rays of a 
specified energy, may thus be obtained upon multiplying the absorption coeffi- 
cient in water by the density of the absorber. 


Kxample Estimate the linear absorption coefficient of concrete, density 2.8 g/cm’, for 
gamma rays of 3-Mev energy. . 
lor 3-Mev gamma rays, the (linear or mass) absorption coefficient of water is 0.038, 
und so the mass absorption coefficient of concrete may be taken to be 0.038 cm2/g. By 
definition, this is equal to 4/p, and since p is given as 2.8 g/cm, it follows that 
pw = (0.038) (2.8) 
= 0.11 em. 


2.68. Upon dividing and multiplying the exponent in equation (2.60.2) by p, 
the density of the absorber, the result is 


Ie sag Tqe—‘u/ 9) x), (2.68.1) 


where the first factor in the exponent is now the mass absorption coefficient 
lefined above and the second is the thickness density of the absorber, expressed 
\1i grams per cm? (or mg per cm?), as in § 2.37. Hence, when the circumstances 
are such that the mass absorption coefficient is (approximately) constant for 
(lifferent materials, the thickness density which attenuates the radiation to a 
specified extent will also be roughly independent of the nature of the absorber. 
In other words, the thickness of material required to absorb the same fraction of 
“amma radiation, of given energy, is approximately inversely proportional to 
(he density of the material. 

2.09. Although, as stated in § 2.62, it is not possible to specify a range for 
“amma rays, as it is with alpha or beta particles, a rough comparison can be 
tide of the penetrating power of the various radiations. Since » for 1-Mev 
#iinma rays in water is 0.067 cm, it is readily found from equation (2.60.2) that 
70 om (28 in.) of water would be required to decrease the radiation intensity to 
| per cent of its initial value. The range of 1-Mev beta particles in water is 
0,49 em (0.16 in.), and for 1-Mev alpha particles it is about 0.0004 em (less than 
0,2 mil). 

2,70. A further discussion of absorption coefficients and the absorption of 
“imma radiation, in general, will be given later in connection with the design 
and construction of shields for the protection of personnel from the effects of 
Hiuclear radiations (Chapter X). 


INTERACTION OF NEUTRONS WITH MATTER 


Tur PropuctTion or NEUTRONS 


2.71. Before proceeding with a description of some of the reactions between 
Houtrons and atomic nuclei, brief reference will be made to the methods used for 


at 
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producing neutrons. Not only are neutron sources of various kinds required 
for experimental purposes, but they also play an important role in the operation 
of certain reactors. 

2.72. Neutrons are readily obtained by the action of alpha particles on some 
light elements, e.g., beryllium, boron, or lithium. A convenient source of 
neutrons is a mixture of an alpha emitter, such as radium or polonium, with 
beryllium. The reaction may be represented by 


4Be® + 2Het > gC? + on, 


where, as stated in Chapter I, the subscripts give the atomic number, or positive 
charge, and the superscripts are the respective mass numbers. The reaction 
may be written in the abbreviated form Be%(a, n)C”, indicating that a Be?® 
nucleus, called the target nucleus, interacts with an incident alpha particle (a); 
a neutron (n) is ejected and a C” nucleus, referred to as the recoil nucleus, 
remains. 

2.73. The neutrons produced by the interaction of alpha particles with 
beryllium have fairly high energies, ranging from 5 to 12 Mev or more, depend- 
ing on the energy of the incident alpha particles. Such a source is polyenergetic, 
since the neutrons do not all have the same (or nearly the same) energies. 


2.74. The action of gamma rays of moderate energy (about 2 Mev) on certain ~ 


nuclei, notably deuterium, i.e., heavy hydrogen, and beryllium, yields essen- 
tially monoenergetic neutrons.* The reactions, which are of special interest in 
connection with the operation of nuclear reactors, are 


sBe? + oy? — «Be® (or 2 oHet) + ont 


and 


1H? + oy? > 1Ht + on. 


These are described as (7, 7) reactions, since a gamma-ray photon is the inci- 
dent particle and a neutron is expelled. Sources based on (y, n) reactions are 
called photoneutron sources. 

2.75. In principle, all nuclei should be capable of exhibiting the (7, n) process, 
although the reaction probability, ie., the cross section, will generally be very 
small. However, the energy of the gamma rays must be at least equal to the 
binding energy of the neutron in the given nucleus. With the exception of 
deuterium and beryllium, this energy is high, i.e., roughly 6 to 8 Mev, and so in 
practice these are the only substances used in photoneutron sources. 

2.76. The minimum (or threshold) energy of the gamma rays necessary to 
bring about these reactions is 1.6 Mev for beryllium and 2.2 Mev for deuterium. 
Any energy of the gamma-ray photon in excess of the threshold value appears 


mainly as kinetic energy of the emitted neutron, some being carried off by the 
recoil nucleus. Since gamma rays from a given isotope usually have a definite 
energy, 80 also will the neutrons produced, Consequently neutrons obtained as 


*'Thie ia one of the types of gammacray interaction, mentioned in § 2.48, 
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a result of a (y, ) reaction are essentially monoenergetic, the actual ener 
depending on the gamma-ray energy. Possible paride iting radioisoto of 
for use in photoneutron sources are the naturally occurring elements radium aad 
mesothorium, and the artificially produced isotopes sodium-24, gallium-7 
antimony-124, and lanthanum-140. Penal 
2.77. A simple and convenient source of approximately monoenergetic neu- 
(rons consists of a rod of antimony, containing the radioactive isotope-124, sur- 
rounded by a beryllium metal cup; it is available from the Isotopes Divisions of 
the A.E.C. When newly prepared the system emits neutrons of a roughly uni- 
form energy of 0.03 Mev, at the rate of about 8 X 10° per sec. The nee - 
124 has a half life of 60 days, and so the neutron production falls off accordin 
llowever, when the activity has decayed to an appreciable extent, the te 
oan be regenerated by exposure of the antimony rod to neutrons a a nucl 
reactor, thus providing a new supply of antimony-124. 5, 


Neutron Reactions: ABSORPTION 


2.78. Neutrons undergo two main types of reactions with atomic nuclei: 
(hese are (1) absorption (or capture), in which a neutron enters the nucleus b t 
other particles leave,* and (2) scattering, in which the neutron interacts with oud 
(ransfers some or all of its energy to, the nucleus, but the neutron reine free 
aller the process. As seen to some extent in Chapter I, both kinds of inter 
Mon play a part in the operation and control of nuclear neato: i 

2.79, In considering absorption reactions it is convenient to distinguish 
helween reactions of slow neutrons and of fast neutrons. There are four mai 
Kinds of slow-neutron reactions; these involve capture of the neutron b he 
Vargot followed by either (1) the emission of gamma radiation (n, 7); (2) ie 
#jection of an alpha particle (n, a); (8) the ejection of a proton in a or (4) 
limsion (n,f). Of these, the radiative capture, i.e., (n, y), process ie the most 
Hommon, for it occurs with a wide variety of elements. The (n, a) and (n ) 
—— with slow neutrons are limited to a few isotopes of low anes pe: 

. . . , 
a fission by slow neutrons is restricted to certain nuclei of high atomic 
2,80, There are reasons for believing that all absorption reactions take place 
ii (Wo distinct stages: the first is the capture of the neutron by the target pels 
tu form what is called a compound nucleus, as mentioned in § 1.57 "This = 
hw 4 nucleus of a familiar species or it may be unstable, but in any cise the 4 ah 
pound nucleus, immediately after its formation, is in 4 high-energy (or axeited 
mate, Within a very short time, the excited compound nucleus undergoes the 


mood wtage of the reaction, involving either expulsion of a particle, e.g., an 
Hipla particle or a proton, or of a gamma-ray photon, or breaking sip edivko ee 


ore or loss equal parts, i.e., fission. 


W hen ue, Of. =, uf AKO par t in fission as well as radiative capture. 
' a ne le us, ¢ g., Uranium 235, can t k , 
m | ul | lu | th eaction ’ neutron apture 
tor 1 ‘ neutron absor ytion in used to include bo 1 Chlons wher eas e' Cc 
lo the lat wr only, In other CABOH, the terms are equi v alent, 
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RapIATIVE CAPTURE REACTIONS 


2.81. In radiative capture or (n, 7) reactions, the excited compound nucleus 
emits its excess energy in the form of one or more gamma-ray photons, eventu- 
ally leaving the compound nucleus in its normal or ground state. The gamma 
rays emitted are referred to as capture gamma rays. As seen in § 1.58, the 
residual nucleus or product is isotopic with the target nucleus, but has a mass 
number one unit larger. Frequently this product is radioactive, exhibiting 
negative-beta decay, often accompanied by gamma rays. When this is the 
case, the occurrence of the neutron capture reaction can be detected experi- 
mentally by the resulting radioactivity. The procedure is used in various 
measurements with slow neutrons. 

2.82. As already stated, radiative capture reactions with slow neutrons are 
very common; some examples, such as those with hydrogen, uranium-238, and 
thorium-232, have been given in Chapter I. The first of these, namely, 


iH! + on! > (H?)* — 1H? + 7; 


is of importance, both in connection with neutron shielding and with the effects 
of neutrons on living tissue which consists largely of hydrogen. It will be » 
observed that this reaction is just the reverse of that involved in the production 
of neutrons by the action of gamma rays on deuterium. The minimum gamma- 
ray energy required for the latter reaction is 2.2 Mev (§ 2.76), and the capture 
gamma rays produced in the (n, vy) reaction with hydrogen have the same 
energy. As will be seen below, this is numerically equal to the energy required 
to detach a neutron from a deuterium nucleus, i.e., the neutron binding energy 
in deuterium. 

2.83. Among other nuclei which exhibit radiative capture reactions of inter- 
est, mention may be made of cadmium-113, present to the extent of 12.3 per 
cent in the naturally occurring element; the reaction is 


gC + on} ay (4gCd™™*)* => agCd!4 + Y. 


The product is cadmium-114, which is a stable (nonradioactive) isotope. The 
cross section for this reaction is very high, and so cadmium is used as a neutron — 
absorber for reactor control (Chapter VI). The fact that a nonradioactive 
product is formed is an advantage, since there is no danger in approaching a 
cadmium control rod after removal from the reactor. 

2.84. In the reaction of slow neutrons with indium-115, the main stable iso- 
tope of this element, i.e., 

wIn®® + gnt > (gIn™)* > wn” + 7, 

the product is a radioactive, negative-beta emitter with a half life of 54 min. 
Because of the large cross section for this radiative capture reaction and the 
activity of the product, it has found frequent use for the detection and measure- 
ment of neutron densitios. 




































However, if the energy is emitted in 
iWo or more stages (Fig. 2.12b), as is generally the case, the total energy 
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2.85. It may be mentioned that most of the processes whereby radioisoto 

re made for various experimental or research uses involve radiative Scie. 
. en form of the particular (target) element is inserted in a thermal-netitean 
eactor, such as the Oak Ridge (X-10) or the Brookhaven reactor, for a period 
of time. Some of the neutrons produced by fission and slowed down br th 
moderator are captured. The capture is immediately followed b sa : 
emission and the formation of an isotope of the target element This is tel 
of parasitic capture (§ 1.91) for which allowance must be rd in desi hoe 
reactor that is to be used, at least partly, for isotope production. oe 


Capture GAMMA Rays AND Neutron Binpinc ENERGY 


; setae indication of the energy of the capture gamma rays may be ob- 
- ‘i the following manner. The formation of the compound nucleus Y 
tom the target nucleus X by the capture of a neutron may be represented by 


X4 + nl — [Y4h]*, 


where the asterisk indicates an excited state of the Y nucleus. In radiative 
dapture, the excited compound nucleus emits the excess energy and thereb 
jiunes into its normal or ground state; thus, 7 


fy4H]*  y4n + BF, 


Where 2, is the energy which appears as one or more photons of capture gamma 


~ Padiation. 


24,87, Next, imagine a neutron of zero kinetic energy to be removed from th 
ground state of the Y4*+! nucleus, leaving the ground state of the nucl XA, 
he energy which must be supplied is ean 
the binding energy (Ey) of the neutron 
i) the compound nucleus; thus, 


Y4H X44 n1— By, (2.87.1) 


(he negative sign before HZ, indicating E 
that this energy is supplied. Upon ‘ : 
Mombining the three processes indi- 

tiled above, it is seen that LH, = Fy. 

Henoo, if the excitation energy of the | GROUND STATE GROUND STAT 

fompound nucleus is emitted as a sin- (a) (b) : 
le gamma-ray photon, its energy will 
w humerically equal to ZL, (Fig. 2.12a). 


EXCITED STATE 


EXCITED STATE 






INTERYMEDIATE 
EXCITED) STATE 


Fie. 2.12. Emission of gamma radiation 
by compound nucleus 


oe li will be divided among the two or more photons. It should be 
' - in the foregoing treatment the kinetic energy of the neutron 
hogleocted, Actually #, will be numerically equal to Z, plus the kinetic 
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but for slow neutrons the latter is so small, 


energy of the incident neutron, that it may be 


e.g., less than 1 ev, in comparison with E;, e.g., 6 to 8 Mev, 


ignored. 
; 2.88. The magnitude of the binding energy, and hence of E,, may be obtained 


from equation (2.87.1) by writing it in the form 
Mass of Y = Mass of X + Mass of neutron — Mass equivalent of E, 


so that 
Mass equivalent of E, = Mass of X + Mass of neutron — Mass of Y. 


If the masses of the target nucleus X, of the compound nucleus Y, and of ne 
neutron are known, the mass equivalent of H, can be determined. The ee 
of E, in Mev can then be derived by means of equation (1.76.2), i.e., by multi- 
plying the mass equivalent in atomic mass units (amu) by 931. 


ilable from various measure- 
80. In some cases the masses of X and Y are availab 
Rae an be estimated with a fair degree of accuracy — 
empirical equation, based on the liquid-drop — 


ments; in other instances they ce 
by means of the following semi 
emael of the nucleus (§ 2.151). The nuclear mass M (in amu) of any species 
having an atomic number Z and mass number A is given by* 


‘ % — Zs)! 
M (amu) X 108 = 10154 + 14.04% + 41.9 Goi ~ 41.9%. +8, (2.89.1 


aoe 66.74 


Za = 74 4 132 
and 
85. for A even and Z even 
At 
$= 0 for A odd 


wr for A even and Z odd. 
4 


2.00. When using this equation to determine Ey it should be noted that the: 


X and Y nuclei have the same value of Z and their mass numbers differ by —_ 
Taking the mass of the neutron as 1.00897 (§ 1.48), the mass equivalent, . ’ 
can be calculated. Upon multiplying this result by 931, the required bin ‘_ 
energy of the neutron is obtained in Mev units. For nearly all nuclei, other 


than the very lightest, H, is found to be about 6 to 8 Mev. This is consequently 


the order of magnitude of the total energy of the capture gamma rays; which 


frequently carried by two or more photons. pba! 
ooh: ea of the importance of the actual photon energies In connectio 


” For a compilation of calculated atomic masses (including masses of the orbital electrons 


soo N. Metropolis, “Table of Atomic Maasos,’’ Inatitute for Nuclear Studies, Chicago, 1948, 
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with certain aspects of reactor shielding and heat removal, a number of experi- 
mental studies have been made of the energy distribution (or spectrum) of 
capture gamma radiations. In a few cases only are these spectra known with 
uny degree of accuracy; the results quoted in Table 2.6 are for some elements 


TABLE 2.6. CAPTURE GAMMA-RAY ENERGIES OF REACTOR MATERIALS 


Photon Energy Energy Per Capture 


Element (Mev) (Mev) 

Aluminum 7.7 2.7 
6.0 1.4 

3.0 3.8 

Beryllium 6.8 6.8 
Cadmium 0 tol 0.6 
1 to3 0.4 

3 to 5 3.0 

5 to 7 1.0 

Carbon 1to3 0.6 
5.0 5.0 

Hydrogen 2.2 2.2 
Lead 6.7 0.5 
7.4 6.8 

Sodium 0 to 1 0.5 
1to3 1.0 

3 to 5 2.4 

5 to 7 1.8 

Uranium 3.0 6.0 
1.0 0.8 

Zirconium 3 to 5 4.5 
5 to 7 2.0 


(hat are of special interest in the reactor field.* It will be observed that, for 
(he substances listed, only with hydrogen and beryllium is the capture gamma 
Hwliation emitted as a single photon per neutron capture. 

Emission or ALPHA PartIcLes oR PRoTons 


4,02, Slow-neutron reactions accompanied by the emission of a charged 


irticle, &.g., an alpha particle (n, w) or a proton (n, p), are rare. The reason is 
that a positively charged particle can be expelled from a nucleus only if it has 
filliciont energy to overcome an electrostatic (or coulombic) potential, in addi- 
tion to the energy required to detach it from the nucleus. It is only for a few 


‘Hoo alno, P. 8, Mittelman and R, A, Liedtke, Nucleonics, 13, No. 5, 50 (1955). 
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elements of low atomic number, for which the nuclear electrostatic repulsion is 
small, that charged-particle emission is possible after capture of a slow neutron. 
2 93. The interactions of slow neutrons with lithium-6, the less common, 
naturally occurring isotope of lithium, and with boron-10, the rarer, stable 
isotope of boron, lead to the ejection of an alpha particle. Both of these a : 
tions have a special interest in the present connection. The (n, a) reaction wit. 
boron-10 may be written as 
,B. -+ on > (;B")* = 3Li? + He’, 


where sHe‘ represents an alpha particle, i.e., a helium nucleus, mass number 4 
and atomic number 2. The charged particles produced in this reaction are 
ejected in opposite directions with relatively high energy, so that they oe 
considerable ionization in their passage through a gas. This is the basis o 
method for detecting and counting slow neutrons (Chapter V). Because boro: 
has a high cross section for the (n, x) reaction with slow neutrons, this element, 
like cadmium, is used for reactor control. 
2.94. The other (n, «) process which occurs readily with slow neutrons 
that with lithium-6, i.e., 
3Li® + ont ey (sLi”)* => iH? + oHet. 


The residual (recoil) nucleus is here H?, a negative beta-active, hydrogen a é 
of mass number 8, called tritium. This isotope has attracted onan ote 
of its possible use in the so-called “hydrogen (fusion) bomb, ant aes ot 

reasons. It can be produced by the action of slow neutrons on lithium im 
ae eee of low atomic number, notably helium-3, nitrogen-1 
sulfur-32, and chlorine-35, undergo (n, p) reactions with ee 
these two only need be considered. One is the reaction with helium-3, name: 


sHe® + on! > (gHe*)* — 1H? + iH’, 
which, like the (n, ) reaction with boron-10, can be used for the detection 
slow neutrons. The other is the (n, p) reaction with nitrogen-14; it 1s 

7N¥ + gn! > (N®)* > C¥ + iH, 
and its significance here lies in the fact that it is one way in which slow neutro 


react with elements present in living tissue. The reaction product, oon 
is radioactive, emitting a negative beta particle, and regenerating nitrogen- 


Ss 
oa «CY — 18° + N™. 
Reactions with Fast NEUTRONS 


2.96. Reactions of fast neutrons with atomic nuclei, other than scatte 
and fission, are not of major importance for the study of nuclear reacto 
Although many such fasteneutron reactions are known, the cross sections 
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usually so small that they have little effect on reactor operation. One process 
of this type, however, should be mentioned: it is the (n, p) reaction of fast 
neutrons with oxygen-16, namely, 


gO’ + ont — (,017)* — ,H! + ,N¥, 


‘The product is nitrogen-16, which is beta active, having a half life of 7.3 sec, 
and emitting, in addition, a gamma ray of high energy (about 6 Mev). This 
process occurs in reactors using either air or water as coolant, since both of these 
materials contain oxygen. Even though most of the fissions would be produced 
hy thermal neutrons, a considerable number of fast neutrons, liberated in fission, 
ure present. These will interact with oxygen-16 nuclei to yield the highly 
radioactive, although short-lived, nitrogen-16. The decay product of the latter 
in ordinary oxygen-16. 

2.97. Provided the energy is available, the expulsion of a charged particle 
from the excited compound nucleus, formed as a result of neutron capture, is 
more probable than the emission of radiation. Thus (n, a) and (n, p) reactions 
of nuclei with fast neutrons, having energies of 1 Mev or more, frequently occur 
more readily than the (n, y) reaction. If neutrons of sufficiently high energy 
wre used, two or more neutrons or protons may be expelled from the compound 
iicleus. For incident neutrons of about 10 Mev, such reactions as (n, 2n) and 
(", np) have been observed, and for still higher energies, (n, 3n), (n, 2np), etc., 
processes are possible. 


INELASTIC SCATTERING 


2.98. When a fast neutron undergoes inelastic scattering (§ 1.51), it is first 
tptured by the target nucleus to form a compound nucleus; a neutron of lower 
kinetic energy is then emitted, leaving the target nu- 
ileus in an excited state (Fig. 2.13). In other words, 
\ii un inelastic scattering collision, some (or all) of the 
kinetic energy of the neutron is converted into excitation 


COMPOUND NUCLEUS 


> 

(potential) energy of the target nucleus. This energy is 4 é3 
mibsequently emitted in the form of one or more pho- Z 
(ons of gamma radiation, called inelastic-scattering gam- 2 ey 
Wa rays. iw 

2,99. Let FE; be the total kinetic energy of the neu- ¥ ey 
(von and target nucleus before collision and FE. the 
kinetic energy after collision; then if E, is the energy 


TARGET NUCLEUS 
AND NEUTRON 


Fie. 2.13. Energy 
change in inelastic 
scattering collision 


mitted as gamma radiation, it follows that 
Rhy = Ey 4- E,. 


1) ls evident that in inelastic scattering kinetic energy is 
iol conserved, Nevertheless, there is conservation of 
Momentum, so that, if “, were known, the mechanics of the process could 
lw solved, ‘This is not necessary, however, for the present purpose. What is 
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important to note is that E, must be at least equal to EL, if inelastic scatter- 
ing is to occur. Since the kinetic energy of the target nucleus is, in general, 
negligible in comparison with that of the neutron, it follows that, in an inelas- 
tic collision, the initial energy of the neutron must exceed the minimum exci- 
tation energy of the target nucleus. 

2.100. For eements of moderate and high mass number, the minimum excita- 
tion energy, ie, the energy of the lowest excited state above the ground state, is 
usually from C.1 to 1 Mev. Hence only neutrons with energy exceeding this 
amount can b2 inelastically scattered. With decreasing mass number of the — 
nucleus there is a general tendency for the excitation energy to increase, SO that 
the neutrons must have higher energies if they are to undergo inelastic scatter- 
ing. The threshold energy for such scattering in oxygen, for example, is about 
6 Mev, and ir hydrogen the process does not occur at all. Exceptions to the ~ 
foregoing generalizations are the very stable, so-called, ‘‘magic number” nuclei, 
containing 2, 3, 20, 52, 82, and 126 neutrons or protons. Heavy nuclei of this 
type, ©-2., lecd (82 protons) and bismuth (126 neutrons), behave like light 
nuclei with respect to inelastic scattering. 

2.101. Another general rule relating to inelastic scattering is that the relative 
probability of its occurrence, as against radiative capture or other processes 
following neutron absorption, increases with increasing neutron energy. This 
is because the separation (or spacing) of the excited levels of a nucleus is smaller 
at high excitation energies; there are consequently more excited states, in a 
given energy range, which the nucleus can occupy after emission of a neutron. 
The probability of the emission of a neutron by the compound nucleus increases 
correspondingly. 

2.102. The energy of the inelastic-scattering gamma rays depends, of course, 
upon the vale of Ey in the particular case, and upon whether it is emitted 
one or more photons. For inelastic scattering by elements of low mass number 
the total gamma-ray energy must be high, e-g., several Mev, whereas for hea 


elements it will usually be lower. 


Exastic SCATTERING 


2.103. It will be apparent from the foregoing discussion that inelastic sca 
tering is restricted to neutrons with energies in excess of at least 0.1 Mev f 
collisions with the heaviest nuclei and to those with even larger energi 
lighter nuclei are involved. Consequently, neutrons with energies less t 
about 0.1 Mev cannot lose energy as a result of inelastic collisions. The situ 
tion in regard to elastic scattering is quite different; kinetic energy is conserved 
and there are no restrictions upon the transfer of this energy between the neutro 
and the nucleus. Provided the kinetic energy of the neutron exceeds that 
the nucleus, there is a possibility that some kinetic energy will be transferr 
from the former to the latter, and vice versa. 

2.104, Although elastic collisions may involve compound nucleus formation 









































2.106] NUCLEAR REACTIONS AND RADIATIONS 89 


@ : any be ea by emission of the neutron, the process may nevertheless 

) essentially as a “billiard ball” type of collisi i 

nucleus remains in its lowest ener oo 

gy (ground) state. The pro 
(reated by the laws of classical m i Lae NED gt 
echanics, based on the principles of 
servation of both energy and momentum I rea baie 
' . In each collision with an essenti 

asa nucleus, a neutron will transfer part of its kinetic energy to eae 

ee Pa meron of aoe transferred will depend on the mass of the scat 
0 eus and the angle through which the neutron is sca : 
ttered. Fora gi 

scattering angle, the fraction of the neut See te 

ron energy tra: i 
the smaller the mass of the scattering nucleus.* pee ar ee eee 


MaxwELiL-BoLTzMANN DISTRIBUTION 


\ a ee . nnn ae of elastic scattering collisions, the velocity of 
t ed to such an extent that it has approximatel 
age kinetic energy as the atoms (or mole ae 
cules) of the scatterin di 
energy depends on the temperature of the i it e'oallod J ca 
i medium, and so it is called th 
Pe ee raat hone are thus neutrons whitch are in thermal Sab 
' oms (or molecules) of the medium in which the 
: y are present. - 
, : ae se neutron undergoing collisions with the nuclei of ni ae ve 
1 or lose energy in any one collision. But, if 
) Jose ene ; , if a large number of the - 
(rons diffusing in a nonabsorbing medium are considered, there is n oe 
(hange for all the neutrons. pete 
ST it a weakly absorbing medium, the kinetic energies of thermal neu- 
yons will be distributed statistically according to the Maxwell-Boltzmann dis 


tribution law, t as derived fr ineti ‘ 
in the form , om the kinetic theory of gases; this may be written 
dn _ _2"_ ,_eprph dE, 


n (xkT)? (2.106.1) 


where dn is the number of neutrons wi ies i 
ith energies in the ran 
ge from Eto Hz 
ae se crete of neutrons in the system, k is the Boltzmann hee a 
he absolute temperature. The equation may b i i i 
ee ay be written in a slightly dif- 
g n(£) represent the number of neut 
mat 3 { rons of energy E 
wll energy interval. - Then n(E) dE is the number of neutrons eee 


d ( 1). 


n(E) = 2m eW Elk Fi, 


n (wk T)* (2.106.2) 


* The subject of elastic se ing i 
attering is treated more fully i 
4 y in Chapter ITI. 
1 ln « thermal reactor, where fast fission neutrons are being aondsaied while slow neutron 
Ss 


ae readily absorbed, there are positive deviati 
high energies an i aie positive deviations from the Maxwell-Boltzmann distributio 
thr di 9479), gative deviations at low energies (see W. J. Sturm, Phys. Rev., 71, 
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where the left side represents the fraction of the neutrons having energies in the 
range from E to E + dE per unit energy interval. The right side of equation 
(2.106.2) can be evaluated for various E’s at a given temperature, and the 
Maxwell-Boltzmann curve obtained in this manner, indicating the variation of 
n(E)/n with the kinetic energy F of the neutrons, is shown in Fig. 2.14. 


ne) 





eS 
Fig. 2.14. Maxwell-Boltzmann distribution of energy 


2.107. It is seen from Fig. 2.14 that, while some thermal neutrons have ver 
small and others very large energies, a considerable proportion have energies 
a fairly narrow range. It has become the practice to give the average or me 
energy of thermal neutrons as kT’ for the particular absolute temperature D 
This is actually the kinetic energy corresponding to the most probable velocit 
per unit velocity interval, based on the Maxwell-Boltzmann distribution. Sig 
the Boltzmann constant hk is 1.38 X 107 erg/°C, ie., 8.6 X 10% ev/°C oO 
4.8 X 10-5 ev/°F, it follows that the so-called average energy of thermal new 
trons is 8.6 X 10°7'x or 4.8 X 10-°7'R ev, where 7x and 7x are the absolu 
temperatures of the scattering medium on the Kelvin and Rankine scales, r 
spectively. These are the expressions which were given in § 1.53. i 

2.108. Since the neutron energy is kinetic, it is equal to 37v*, where m is th 
neutron mass and »v its velocity. The value of m is 1.67 X 10~* gram, and 
the neutron energy is 0.83  10-%v* ergs or 5.2 X 10-“? ev, with v in em pe 
sec; consequently, it is found that 


v=14xX 10°VE cm/sec, 


where E is the neutron energy expressed in electron volts. If this result is com 
bined with the expressions for the thermal-neutron energy derived above, t 
average speed of thermal neutrons is given as 1.8 104 VT or 0.97 X lov 7 
cm/sec, as stated in § 1.54, 
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CROSS SECTIONS FOR NEUTRON REACTIONS 


SIGNIFICANCE OF Cross SECTIONS 


2.109. The description of the interaction of neutrons with atomic nuclei can 
he made quantitative by means of the concept of cross sections, defined in general 
terms in § 1.63. If a given material is exposed to the action of neutrons, the rate 
wt which any particular nuclear reaction occurs depends upon the number of 
ieutrons, their velocity, and the number and nature of the nuclei in the specified 
material. The cross section of a target nucleus for any given reaction is a prop- 
orty of the nucleus and of the energy of the incident neutron. 

2.110. Suppose a uniform, parallel beam of J neutrons/cm? impinges perpen- 
(licularly, for a given time, on a thin layer, dx cm in thickness, of a target material 
wontaining NV atoms (or nuclei)/em’, so that N dz is the number of target nuclei 
per cm?. Let C be the number of individual processes, e.g., neutron captures, 
wecurring per cm? The nuclear cross section o for a specified reaction is then 
(lefined as the average number of individual processes occurring per target nu- 
ileus per incident neutron in the beam; thus, 


cm?/nucleus. (2.110.1) 


S.C 
° ~ (N da)I 
Hfonuse nuclear cross sections are frequently in the range of 10-2 to 10-* 
wm'/nucleus, it is the general practice to express them in terms of a unit of 
1)" cm?/nucleus, called a barn. Thus, a cross section of 2.7 X 10-* (or 
27 & 10-**) em?/nucleus would be written as 0.27 barn. 
4,111. The significance of the cross section may be seen by rearranging equa- 
tion (2,110.1) into the form 


(N dx)o (2.111.1) 


Le 
-T 
/ 
If every neutron falling on the target reacted, then J would be equal to the 
Hiimber of nuclei taking part in the reaction; hence, the right side of equation 
(4,111.1) represents the fraction of the incident neutrons which succeed in react- 
iim with the target nuclei. Thus (N dx)o may be regarded as the fraction of 
the surface capable of undergoing the given reaction; in other words, of 1 em? 
wf (urget surface (N dx)o cm? is effective. Since 1 cm? of the surface contains 
Vv nuclei, the quantity ¢ cm? is the effective area per single nucleus for the 
ven reaction, - It is this interpretation of o that leads to the use of the term 
HrOun section.” 


Macroscopic Cross SEcTION 


#112, The cross section o for a particular process, which applies to a single 
lous, ia frequently called the microscopic cross section. Since the target ma- 
“i! contains N nuclei/em*, the quantity No is equivalent to the total cross 
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section of the nuclei per cm’; this is called the macroscopic cross section of Hes 
material for the process. Representing the latter by 2, it 1s therefore defined as 


ee (2.112.1) 


with dimensions of a reciprocal length. 
2.113. If the target material is an element, of atomic weight A and density 


p grams/cm', then p/A is the number of gram atoms per cm’. The ae 
atomic nuclei per cm* is obtained upon multiplying by Na, the Avogadro number 
(6.02 X 10%), which gives the number of individual atoms (or nuclei) per gram 
atom; thus, 


n= "N., (2.113.1) 


pho 


so that, from equation (2.112.1), 
z= pus o. (2.113.2) 


2.114. For a compound of molecular weight M and density p, the number N; 
of atoms of the ith kind per cm! is given by a modification of equation (2.113.1), 
namel | 

" Hoe Sy; (2.14.1) 

eo M ay 
where »; is the number of atoms of the kind 7 in a molecule of the compound. 
The macroscopic cross section for this element in the given target material is then 


zi = Niwo: = evs Vidi, (2.114.2) 


. : : F he 
where o; is the corresponding microscopic cross section. For the compound, the 
macroscopic cross section is expressed by 


D = Nyoi + Noo2 + -°* + Nwit-- 


7 ous (nr + 202 $+ +++ ve + +). (2.114.3) 


i i i f thermal neutrons by hydro- 
The microscopic cross sections for the capture o | 
cat on 33 barn and for oxygen 0.0002 barn. What is the macroscopic capture cross 


i f water for thermal neutrons? : ; ' 
he chenille weight (M) of water is 18 and the density (p) is 1 g/ pat ei aa 
contains 2 atoms of hydrogen and one of oxygen. Hence, by equation (2.114.3), 


>= 12Ns (20u + 60) 


i GyG.2 x1") [(2) (0.33) + 0.0002] (10-4) 


= 0,022 cm™, 
recalling that the Avogadro number (Nq) is 6.02 < 10 and the barn is 10° em’. 
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2.115. For a mixture, either of elements or compounds or both, which con- 
tains several different nuclear species, the macroscopic cross section is given by 


D> = Nioi + Nooo + see + Ni, +++, (2.115.1) 


where the values of Ni, N2, etc., are dependent upon the composition of the 


mixture as well as on the atomic (or molecular) weights and densities of the 
constituents. 


Kxample In the Oak Ridge (X-10) reactor, cylindrical fuel rods (diameter 2.80 cm) of 
natural uranium metal (density 19.0 g/cm’) are arranged on 20-cm centers in a square 
lattice of graphite (density 1.62 g/cm’). The absorption cross sections for these mate- 
rials are 7.42 barns and 0.0045 barn, respectively. If the reactor material may be 
regarded as a uniform mixture, what is its macroscopic capture cross section? 


The ratio of the volume of the uranium metal to that of the whole reactor is (47) (2.80)? 
to (20)2, ie., 


(fF X_3.14)(2.80)? 0.0154 


Volume of uranium 
Total volume 400 =, oh 2 


0 that 1 cm’ of the reactor contains 0.0154 cm? of uranium and 0.9846 cm? of carbon. 
Consequently there are present 


23 
CON OER x = 7.40 < 10” uranium nuclei/cm$ 


and 
(0.9846) (1.62)(6.02 « 103) 


12 = 8.00 X 10” carbon nuclei/cm', 


(he atomic weight of natural uranium being taken as 238 and that of graphite (carbon) 
m 12,0, Then, by equation (2.115.1), 


2 = (7.40 X 10”)(7.42 X 10-*4) + (8.00 X 10)(0.0045 x 10-*) 
= 5.85 X 1073 em, 


(Ihoonuse the heterogeneous reactor does not behave like a uniform system, the actual 
value of © is somewhat less than that calculated here.) 


ATTENUATION OF NEUTRONS: DETERMINATION OF CROSS SECTIONS 


4,116. In order to determine cross sections experimentally, the attenuation of 
# Heutron beam is measured for a target material of finite thickness. Suppose a 


Hollimated beam of neutrons strikes perpendicularly a specified area of material of 
appreciable thickness (Fig. 2.15). Consider a thin layer, of thickness dz, par- 
allel to the surface; then from the arguments presented above, it follows that 


No dv is the fraction of the neutrons falling on this layer which react. This may 


hw wot equal to —dI/I, where —dI is the decrease in the neutrons per cm? as 
the result of passing through the thickness dx of target material. Consequently, 


dl 
SM omer No dx, 
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and integration over the thickness x of the material gives 


I; nee Tye7N 


=I 0@ =", 


(2.116.1) 


where Jo is the number of incident neutrons falling on a particular area, and I, 
is the number which succeed in passing through x em of the material over the 


same area.* 





Fra. 2.16. Determination of cross sections 
by transmission method 


Fig. 2.15. Neutron attenua- 
tion in passage through slab 


2.117. The experimental arrangement for the measurement of cross sectio 
by the transmission method consists of a neutron source S and a detector D 
between which is placed a slab A of the material being investigated (Fig. 2.16) 
By means of a suitable collimating shield, the neutron beam passing throu 
to the detector is restricted to a relatively small solid angle. The purpose 0 
the shield is to prevent, as far as possible, neutrons which have been scatter : 
in the material from reaching the detector. This will be apparent from a con 
sideration of the dotted lines showing possible paths of scattered neutrons. 
the aperture in the shield is small, the neutrons will not, in general, be scatter 
into the detector, as shown at a. However, if the aperture had been larger 
there is a possibility that scattered neutrons would reach the detector, as indi: 
cated at b. It is assumed that the slab is not too thick, so that the neutrons 
not scattered more than once within the slab; otherwise, neutrons such as a migh 
be scattered into the detector, in spite of the small aperture in the shield. 

2.118. With the arrangement suggested in Fig. 2.16, the neutrons reaching 
will be those that have escaped absorption and have not been scattered. If I 


i imilari i 2,116.1) and equati 
* Attention should be called to the similarity between equation ( } " 
(2.60.2) for the absorption of gamma radiation, ‘The linear absorption coefficient (4) is 8 
to be equivalent to a macroscopic cross section; in fact, »/N is often referred to as 
(microscopic) cross section for gamma-ray absorption, 
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is the neutron intensity measured at D in the absence of the slab, and J, is the 
value when the slab of thickness x is interposed, then the macroscopic total cross 
section for absorption of all kinds and scattering can be obtained from equation 
(2.116.1). If N is known for the material, then the equivalent microscopic cross 
section can be determined. 

2.119. The scattering cross section can be measured by having the neutron 
detector in such a position that it can be reached by scattered neutrons only. 
This may be achieved by placing the detector at an angle approaching 90° from 
the incident beam; then only those neutrons which have been scattered through 
this angle will be counted. From the result obtained, the total number of neu- 
trons scattered through all angles by a known thickness of material can be cal- 
culated, and hence the scattering cross section can be evaluated. 

2.120. The difference between the total scattering and absorption cross sec- 
tion, obtained above, and the scattering cross section gives the absorption cross 
section for all processes. For neutrons of sufficiently high energy, where neutron 
absorption is of the same order as, or smaller than, scattering, this method is 
inapplicable, since it involves the difference of two almost equal numbers con- 
{aining experimental inaccuracies. Another procedure for determining absorp- 
(ion cross sections is available when the nuclear species being studied forms a 
radioactive product as a result of interaction with neutrons. The cross section 
for the particular capture process can then be calculated from the measured 
activity (see § 2.203). 


Rates or NEUTRON REACTIONS 


2.121. Consider a neutron beam in which n is the neutron density, i.e., the 
umber of neutrons per cm?; if v is the neutron velocity, then nv is the number 
of neutrons falling on 1 cm? of target material per sec. Since o cm? is the effec- 
live area per single nucleus, for a given reaction or reactions (§ 2.111), then = is 
(he effective area (in cm?) of all the nuclei per cm® of target. Hence, the product 
Ynv gives the number of interactions (between neutrons and nuclei) per cm? of 
(urget. material per sec. Since each nuclear interaction involves one neutron, 
\) follows that 


Rate of neutron interaction = Zw neutrons/(cem*)(sec).  (2.121.1) 


‘his is a result of considerable importance, for it gives the number of neutrons 
per second involved in any interaction (or interactions) with 1 cm? of material 
for which Y is the macroscopic cross section. It is sometimes written in a 
lightly different form by introducing the neutron flux, in place of the neutron 
(lonsity. The neutron flux, represented by ¢, is equal to the product nv, ex- 
jronsed as neutrons per cm? per sec, so that equation (2.121.1) becomes 


Rate of neutron interaction = 2 neutrons/(cm*)(sec), (2.121.2) 


4) expression which will find frequent use in later sections. 
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Cross SEcTION AND MEAN FREE PATH 


2.122. An alternative approach to the determination of neutron reaction rates 
is to consider the mean free path, , i.e., the average total (or scalar) distance a 
neutron will travel before undergoing a particular interaction. Since the veloc- 
ity v is the distance a neutron travels per second, the average number of inter- 
actions per neutron per second is v/A. For a beam containing n neutrons/cm*, 
the number of interactions per cm’ per second is thus nv/. In other words, 


Rate of neutron interaction = = neutrons/(em?)(sec). (2.122.1) 


Upon comparing equations (2.121.1) and (2.122.1), it is seen that 


— > (2.122.2) 
so that the neutron mean free path for a specified reaction is the reciprocal of the 
macroscopic cross section for that reaction. If 2 is expressed in cm™, as it 
usually is, then \ will be in cm. 


Example Using the result of the preceding example, determine the average distance 
traveled by a thermal neutron in the Oak Ridge (X-10) reactor before it is absorbed. 
According to the preceding example, = in this reactor is 5.85 X 10~* cm“; hence, 


1 
~ 5.85 X 10° 
A thermal neutron consequently travels, on the average, a total distance of 171 cm 


(67 in.) before it is captured by either uranium or graphite. (Because of the hetero- 
geneous arrangement the actual mean free path in the reactor is larger.) 


r = 171 cm. 


2.123. Equation (2.116.1) for the attenuation of neutrons by passage through 
a target material can be rewritten in an alternative form upon replacing 2 by 
1/2, in accordance with equation (2.122.2); the result is 


Ie = [ye (2.123.1) 


Tf the thickness x of the material is equal to d, then J,/I) = 1/e. Hence, after 
traversing a thickness d of the target material, a fraction 1/e of the incident 
neutrons have not been involved in the particular process under consideration. 
If \ is the mean free path for absorption, then the intensity of the neutron beam 
is reduced to a fraction 1/e of its initial value after passage through this thick- 
ness of absorber.* 

2.124. When a neutron can take part in several different processes with & 
given target nucleus, e.g., (n, v), (n, a), (n, f), inelastic scattering, and elastie 
scattering, there will be a specific cross section and mean free path for each 
process. The equations derived above are quite general and will apply to any 


*In this connection the distance \ is sometimes referred to as the “relaxation length’ for 
nuclear radiations (see § 10.64), ' 
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reaction in which neutrons are involved. It is possible to define a total absorp- 
tion cross section, or even a total cross section for both absorption and scattering, 
which is the sum of the individual cross sections. An equation of the form of 
(2.116.1) will be applicable, and J,/Zo will give the fraction of the initial neu- 
trons escaping interaction. 


PoLYENERGETIC NEuTRON SYSTEMS 


2.125. In the derivations given above, it has been assumed, for simplicity, 
that all neutrons have the same velocity. Since cross sections, in particular 
those for neutron absorption, are strongly energy dependent, there will be a 
(lifferent value for each neutron energy. For a polyenergetic beam of neutrons, 
equation (2.116.1) would thus become more complicated. If it were possible 
(o divide the initial neutron beam into a number of definite energy groups, in- 
(licated by the subscripts 1, 2, 3, etc., then the initial intensity I) would be 
given by 

dose deh Teh 3h 2 hea ey 
and then, for the 7th group, 
Te as Ler. 


I, = pee = Sher, 


where the large sigma implies summation over all values of 7. 

2.126. In deriving this result it has been tacitly assumed, as it was, in fact, 
ji) equation (2.116.1), that, when passing through the thickness x of medium, 
the neutron velocities (or energies) do not change appreciably, so that the cross 
motions remain constant. This condition is particularly applicable to thermal 
eutrons, and, since there is then a fairly definite (Maxwell-Boltzmann) energy 
ilistribution, it is possible to derive an average cross section, as will be shown 
lwlow.. In this case, equation (2.125.1) can be considerably simplified. 

2.127. If, in a polyenergetic neutron system, n(Z) is the density of neutrons 
of onergy E per unit energy interval, then, as seen in § 2.106, n(Z) dE is the 
i\imber in the energy range from EZ to HE + dH. The total neutron flux ¢, for 
Hutrons of all energies (or velocities), is then given by 


o= f, ?, n(£)v dE neutrons/(cm?) (sec), 


no that 
(2.125.1) 


: 


(2.127.1) 


whore the integration limits of zero and infinity are formal only and are meant 
{0 imply that integration is carried out over the whole range of neutron energies. 
Tho velocity v is that corresponding to the kinetic energy Z. The rate of inter- 


folion of the polyenergetic neutron system can then be expressed, using equation 
(9,121.2), as 


Hate of neutron interaction = A. * ¥(2)n(E)v dE neutrons/(cm*) (sec), 


(2,127.2) 
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where =(E) is the macroscopic cross section for the process for neutrons of en- 
ergy EF. 

2.128. For the given system, it is possible to define an average macroscopic 
cross section = so that : 


(2.128.1) 


where ¢ is the total neutron flux derived above. Upon combining equations 
(2,127.1), (2.127.2), and (2.128.1), it is seen that 


2 he >(E)n(E)v dE 
2= em 


fi ° n(E)v dE 


For thermal neutrons having a Maxwell-Boltzmann distribution, n(#) in the 
foregoing equations would be defined by equation (2.106.2), with n equal to 
the total number of neutrons per cm’. { 

2.129. In order to be able to perform the indicated integrations, however 
it is necessary to express 2(E) as a function of the neutron energy E, For man 
absorbers-the 1/v law (§ 1.65) is obeyed in the thermal-neutron region; that is 
>(Z) is a linear function of 1/v and, consequently, of 1/E}. Upon combini 
this result with equations (2.106.2) and (2.128.2), it is found that >,, for the a 
sorption of thermal neutrons is equal to the cross section for neutrons of ener; 
4kT'/7, i.e., with energy 4/m times the so-called average thermal neutron ener; 
kT (§ 2.107). Alternatively, if 2.7 is the absorption cross section for neutro 
having actual energy kT, it follows from the 1 /E? law that 


Rate of neutron interaction = 3¢ neutrons/(cm*) (sec), 


(2.128.2) 


Sn = an or Su = 0.8862zr. 


(2.129.1 
2 


This average value for the absorption cross section of thermal neutrons may 
used in equation (2.128.1) to give the rate of interaction of these neutrons, 0 
in equation (2.116.1) to determine their attenuation in passing through a thick 
ness x of absorber. 


VARIATION OF CROSS SECTIONS WITH NEUTRON ENERGY 


EXPERIMENTAL RESULTS 


2.130. The problem of the complete determination of cross sections for neu 
tron reactions is a very complex one; not only do the values depend on ti 
neutron energy, but they vary from one isotope to another of the same elemen 
and change with the nature of the reaction. In many instances, one reactio 
predominates, and this simplifies the situation; the same is true when one p 
ticular isotope has a much larger cross section than others of the same elemen 
Most measurements have been made with naturally occurring materials, and t 
data are useful for calculations of the rates of processes occurring in nuclear 
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actors. For some elements, however, cross sections have also been derived for 


individual isotopes, such as uranium-235, uranium-238, etc. 

2.131. For many elements, especially those of mass number exceeding 100, 
un examination of the variation of the absorption cross sections with neutron 
energy reveals the existence of three regions.* There is, first, a low-energy 
region, where the cross section decreases steadily with increasing neutron en- 
orgy. The absorption cross section o, then varies inversely as the square root 
of the neutron energy and, since the energy is kinetic in nature, o. is inversely 
proportional to the neutron velocity. This is called the 1/v region, and the neu- 
(rons are said to obey the 1/v law. 

2.132. Following the 1/v region for slow neutrons, the elements under consid- 
eration exhibit a resonance region, usually for neutrons of roughly 0.1 to 1000 ev 


10,000 


1000 


TOTAL CROSS SECTION, BARNS 
- 3 
°o o 


0.01 0.4 1.0 10 100 
NEUTRON ENERGY, EV 


I'ia, 2.17. Cross sections of cadmium and indium as function of neutron energy 


miergy. This region is characterized by the occurrence of peaks where the ab- 
sorption cross section rises fairly sharply to high values for certain neutron 
Hiergies and then falls again. Some elements, e.g., cadmium and rhodium, have 
iiily one resonance peak, while others, such as indium, silver, gold, and uranium- 
WS, have two or more peaks. The cross sections of cadmium and indium, as 
functions of the neutron energy, are shown in Fig. 2.17 and those for natural 
ivanium in Fig, 2.18. The scales are logarithmic in both directions, and so the 
\/v region, at the left of the figure, appears as a straight line. The resonance 
jeuk for cadmium occurs at 0.18 ev and the absorption cross section is then 


about 7200 barns for the natural element.t The main peak for indium is for 
* Bince scattering cross sections are usually small, the total cross section, iLe., absorption 
wl scattering, shows the same trend, 


The resonance is due to the cadmium-118 isotope present to the extent of 12.3 per cent; 


for thin inotope in pure form the cross section is about 20,000 barns, 
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neutrons of 1.44 ev energy, and the cross section exceeds 20,000 barns. There 
are also lower resonance peaks at about 4 and 10 ev. The highest peak for 
uranium is at 7 ev and the cross section is about 4000 barns. 

2.133. Since marked resonance peaks are found in regions of relatively low 
neutron energies and with elements of high mass number, the reactions taking 
place are usually of the radiative capture (n, y) type. The only exceptions are 
the few nuclear species which also undergo fission following absorption of slow 
neutrons. As pointed out earlier, the heavier elements would require neutrons 
having energies in the Mev range for other processes. The behavior of certain 
substances of low mass number undergoing (n, x) reactions with slow neutrons 
will be referred to in § 2.138. 
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Fig. 2.18. Cross section of natural uranium as function of neutron energy 


2.134. Beyond the resonance region, the nuclear cross sections decrease stead: 
ily with increasing neutron energy. This represents what is called the fas 
neutron region. The cross sections are usually low, being less than 10 barns 11 
most cases and becoming even smaller for energies of the order of 0.1 Mev 
more. The absorption cross sections are then similar in magnitude to the ge 
metrical cross section of the nucleus, i.e., 2 to 3 barns (§ 2.147). Some nuel 
exhibit resonance behavior in the fast-neutron region, but the peaks are not ve 
high and are of little immediate significance. 


THEORETICAL INTERPRETATION: RESONANCE ABSORPTION 


2.135. There are good reasons for believing that an atomic nucleus can 
stable (or quasistable) only when its energy corresponds to that of a particu 
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quantum state. Every nucleus has several such states, the lowest being the 
stable or ground state, whereas the others are various excited quantum states 
or energy levels.* When a nucleus captures a neutron and the energy of the 
resulting compound nucleus is equal (or very close) to one of the quantum states 
of this nucleus, the probability of capture is exceptionally high. This is the 
accepted explanation of resonance absorption with its associated large capture 
oross sections. 

2.136. The resonance effect may be illustrated by reference to Fig. 2.19; the 
lines at the right indicate (schematically) the quantum levels of the compound 
jiucleus. The line marked Fp, at the left, 


yepresents the energy of the compound QUANTUM LEVELS 


iucleus formed when the target nucleus &e---~----- 
absorbs a neutron of zero kinetic energy. £, --~——----~ 
Aw seen in § 2.87, the excitation energy of €------ = 


(he compound nucleus at Zy is just (nu- 
iorically) equal to the binding energy 





> 
of the neutron. An examination of Fig. & z 
¥.19 shows that the energy Ey does not als 
worrespond to any of the quantum levels 2)3 
wf the compound nucleus. However, if o/4% 
(he neutron has a certain amount of kine- @ 
(lo energy, sufficient to bring the energy 
wf the compound nucleus up to Fi, the GROUND STATE 
Hiivleus will be in one of its quantum COMPOUND NUCLEUS 


sialon, Thus, when the neutron has 
Kinetic energy EH, — Eo, resonance ab- 
worplion occurs, and the nuclear cross 
motion is exceptionally large. There will, similarly, be resonance absorption for 
Hwulrons of kinetic energy HZ, — Ho, so that the total energy H, is equal to that 
of another quantum level of the compound nucleus, as seen in Fig. 2.19. 


Fig. 2.19. Formation of excited com- 
pound nucleus and quantum levels 


ELEMENTS oF Low Mass NuMBER 


2,187. It is important to point out that not all elements show the type of 
lwhavior described above. Most elements of low mass number, as well as several 
of \iiwh mass number, do not exhibit resonance absorption in the region from 
f.11 to 1000 ev, at least not to any appreciable extent. There may be reso- 


* or amall excitation energies, as are of interest here, the quantum levels are fairly widely 
wed wand distinet; at high energies the spacing becomes very much closer and the quantum 
tow ave virtually continuous. 


1A detailed treatment of resonance absorption is given by G. Breit and E. P. Wigner. 
ya Hev,, 49, 519 (1986), who have derived an expression for the cross section as a function 
Heulron energy applicable, particularly, in the region of a resonance peak; see also S. Glas- 
and M, ©, Wdlund, “The Elements of Nuclear Reactor Theory,” D, Van Nostrand Co. 
., 1062, pp, 27-80, 
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nances at high neutron energies, but these are usually not very significant. The 
total neutron cross sections, including both absorption and scattering, are small, 
being of the order of a few barns over the whole energy range, from thermal 
everal Mev. ; 
ae There are, however, outstanding examples of exceptional behavior 
among light elements that deserve special mention. These are lithium-6 and 
boron-10, both of which undergo the (n, a) reaction with slow neutrons. The 
dependence on neutron energy of the cross section for the (n, a) reaction a 
ordinary boron, i.e., a mixture of boron-10 and -11, is shown in Fig. 2.20. The 
logarithmic plot of o against E is essentially linear from about 0.01 ev to 0.1 Mev, 
although the data in the figure go only to 1000 ev. This means that the 1/v 
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Fic. 2.20, Cross sections of boron as function of neutron energy 


law holds at energies well beyond those found for (n, y) reactions. It “a 
noted, too, that, while the cross sections are high for low-energy neutrons, the 
i s, no indication of a resonance region. 

a ke ae of a resonance peak is related theoretically (see § 2.136 
footnote) to what is called the “level width” of the quantum state involv 
The level width is a measure of the energy spread of the particular quantu 
state, and this is inversely proportional to the mean lifetime of the compound 
nucleus in that state. If this state is relatively stable, i-e., if the decompositio 
probability is fairly low and the lifetime relatively long, the level width will 
small and a sharp resonance peak will be observed. This is the case with t 

ions considered above. 

Se anatase! when the compound nucleus formed by neutron captare h 
sufficient excitation energy to make possible the emission of a charged particl 
the probability that this process will occur is large. ‘The energy spread of th 
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particular quantum state is then considerable and the resonance concept, based 
on a more or less definite value of the energy, ceases to have any significance. 
In these circumstances the 1/v law for the variation of the cross section with 
neutron energy, which is characteristic of the low-energy region, will extend over 


. considerable range, as it does for the (n, a) reactions with lithium-6 and 
boron-10. 


ScaTTERING Cross SECTIONS 


2.141. With the exception of hydrogen, for which the value is as high as 20 
harns in the unbound state,* and deuterium the scattering cross sections of nearly 
ill elements lie in the range from about 2 to 10 barns for neutrons of low energy. 
In tnost cases the cross sections do not vary markedly with neutron energy, al- 
(hough there may be a general tendency for the values to decrease for neutrons 
ol high energy. At very high neutron energies, the scattering cross sections are 
of the same magnitude as the geometrical cross sections of the respective nuclei, 
fw will be shown below. 

2,142. At low neutron energies, elastic scattering is believed to be largely due 
(0 what is called resonance scattering. The target nucleus captures a neutron 
(0 form a compound nucleus; the latter then expels the neutron, leaving the 
lurget nucleus in its ground state but having exchanged some kinetic energy 
with the neutron. It is to be expected from theoretical considerations that the 
/oonance scattering cross section should be independent of neutron energy when 
(he latter is less than the resonance value. At resonance a moderate maximum 
should occur and subsequently the cross section should decrease steadily with 
jiwreasing neutron energy. 

2,143. In addition to resonance elastic scattering, another type, called poten- 
tial scattering, has been postulated from theoretical considerations, although for 
jnctical purposes the two types are taken together. Potential scattering does 


Hol necessarily involve compound nucleus formation, but, in the language of 
wave mechanics, it results from interaction of the neutron wave with the poten- 
(iw! at the nuclear surface. With increasing neutron energy (or velocity) the 
jolential scattering cross section decreases steadily. Except, perhaps, at or near 
i) foWonance, potential scattering is generally more important than resonance 
sealloring. 

4,144. In view of the fact that inelastic scattering is observed, in general, 
wily for neutron energies exceeding about 0.1 Mev, and then only for the heavier 
Hlements, it is evident that the cross section will be zero for low and moderate 
Hulron energies. At a particular energy, which depends upon the nature of the 


Hiitloar species, the inelastic scattering cross section becomes appreciable and 
tien decreases gradually with increasing neutron energy. Hydrogen is excep- 


* Ih the bound state, as in solid paraffin, the scattering cross section increases to 80 barns 
houtrona of very low energy, eg., O.O1 ev, 
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tional in its behavior, for, as stated earlier, it does not, as far as is known, exhibit 
i i ing of neutrons. 

ae Feet apparent from the foregoing remarks that the total sees 
cross section, including both elastic and inelastic scattering, will rare a 
a few barns and will not vary much with neutron energy. oe ig see 
nuclear species, namely, hydrogen and deuterium, have somewha eS 

tering cross sections, and, in the bound state, the values increase wl ey 


at very low neutron energies. 
Gross Sections at High NEUTRON ENERGIES 


2.146. At high neutron energies, generally in excess of 1 Mev, the as 
tions for both compound nucleus formation and for elastic scattering ee 
the geometrical cross section of the nucleus. This means that, aie it an 
scattering is negligible, the total cross section for absorption an 7 as io sco 
tering, on the one hand, and for elastic scattering, on the other an re hoo 
toward rR?2, where R is the nuclear radius. The total cross eo oy 7 
action of the nucleus with a high-energy neutron thus approaches the 


ot = 2rR’. (2.146.1) 


2.147. It has been found in various ways that the radii of atomic nuclei, except 
‘hese of very low mass number, may be represented approximately by 


Rx 14 X 10-°At cm, 


where A is the mass number of the nucleus. Hence the total microscopic cro 
tion is given by 
eae o, © 1.25 X 10-%A? cm?/nucleus (2.147.1) 


~ 0.12543 barns. 


For an element of mass number 125, for example, the limiting value of o; would 
be about 3 barns; for a mass number of 216 it would be 4.5 barns. 


Example Estimate the average distance a fast neutron will travel in uranium-235 
Tee ulenalby 19.0 g/cm*) before it undergoes a nuclear ee A _— 
The distance required is the mean free path, a into on ee a F eal 
i i i i .147.1), the total cross sectio: 3 
teractions. According to equation (2 i: 
anh, ie. 4.76 X 107% cm?/nucleus. Then, from equation (2.113.2), the correspondi 


macroscopic cross section is 


(19.0)(6.02 X 10) (4.76 X 10) _ 9.98 gin-t, 
i 235 


i : i This calculatio: 
ath, equal to 1/2, is about 4.4 em (1.75 in.). ( 
iD ee ot alae a of 5 em, or 2 in,, used for the migration length of f 


neutrons in § 1,118.) 
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THERMAL-NEUTRON Cross .SECTIONS* 


2.148. The scattering (¢,) and absorption (c.) cross sections for thermal neu- 
(rons of a few elements, of interest in connection with nuclear reactors, are given 
in Table 2.7; data for other elements will be found in the Appendix. It will be 


TABLE 2.7. THERMAL-NEUTRON CROSS SECTIONS 











lement os (barns) —oa (barns) Element os (barns) oa (barns) © 
Aluminum 1.4 0.21 Hydrogen 20-80 0.33 
Neryllium 7 0.009 Indium 2.2 190 
Wismuth 9 0.032 Tron 11 2.4 
Horon 4 750 Lead 11 0.17 
Cadmium 7 2400 Nitrogen 10 1.78 
Carbon 4.8 0.0045 Oxygen 4.2 0.0002 
Deuterium 5.4 0.00046 Sodium 4.0 0.50 
Nluorine 4.1 0.009 Uranium 8.2 7.A2 
Helium 0.8 ~0 Zirconium 8 0.18 





noted that the scattering cross section for hydrogen is quoted as 20 to 80 barns : 
fi seen above, the value depends upon whether the atom is in the free state or 
hound in a molecule and also upon the precise thermal-neutron energy. For 
inbound hydrogen, the appropriate value is 20 barns, but for the bound state it 
inoreases to about 80 barns, as the neutron energy decreases from about 0.1 ev. 

2.149. The large absorption cross sections of boron and cadmium account for 
(he use of these elements in neutron-absorbing control rods. The small values 


for deuterium (heavy hydrogen), beryllium, and carbon (graphite), on the other 
hwnd, point up the advantage of these substances as moderators. Similarly, the 
jelatively small absorption cross sections of aluminum, zirconium, and iron 
(sininless steel) makes possible their use as structural materials. Lead and 
Hiwmuth, and magic number nuclei (§ 2.100), in general, have low absorption 
trom sections. Although of little value for structural purposes, these elements 
tiuy find other applications in reactor design, e.g., in coolants. 


THE FISSION PROCESS 


Mecuanism or Nuciear Fission 


2,150, A number of aspects of the fission process were discussed in Chapter I, 


sinve they were necessary for a general description of the fundamental principles 


* Vor a compilation of neutron cross section data for all energies, see The A.E.C. Neutron 
yous Heotion Advisory Group, Report AECU-2040 (and supplements), to be issued in revised 
om in 1965 as Report BNL-825; also ‘Nuclear Data,” National Bureau of Standards Cir- 

Juv 400 (and supplements), and New Nuclear Data sections of Nuclear Science Abstracts, 
/) Government Printing Office. 
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of nuclear reactors. Some of these subjects will be examined further here, and 
certain additional topics will be considered. In the fission reaction a nucleus 
absorbs a neutron of appropriate speed, and the resulting compound nucleus 
breaks up into two more or less equal parts, with the liberation of a considerable 
amount of energy. At the same time two or three neutrons are usually emitted, 
mostly, although not entirely, at the instant of fission. Instantaneous gamma 
radiation also accompanies the fission process, and beta particles and gamma rays 
are produced over a period of time as the radioactive fission products decay. 

2.151. A helpful insight into some of the characteristics of the fission process 
is obtained by the use of the liquid-drop model of the atomic nucleus. It should 
be clearly understood that this is merely a model which makes possible an ex- 
amination of the behavior of an atomic nucleus in understandable physical terms 
and is not meant to represent its actual properties. The liquid-drop model has 
been used in various ways, e.g., to calculate nuclear masses and binding energies 
[ef. equation (2.89.1)], and it will be applied here to the problem of nuclear 
fission. i 

2.152. Consider a drop of liquid to which a force is applied so that it is set 
into oscillation; the system passes through a series of stages, of which the most 
significant are shown in Fig. 2.21. The drop is at first spherical, as at A; it is 


A 8 c o E 
Fra. 2.21. Liquid-drop model of fission 


then elongated into an ellipsoid, as at B. If insufficient energy is available 
overcome the force of surface tension, the drop will return to its original form 
but if the deforming force is sufficiently large, the liquid drop acquires a shai 
similar to a dumbbell, as at C. Once it has reached this stage it is unlikely ti 
return to the spherical form, but it will rather split into two droplets. Th 
will, at first, be somewhat deformed, as at D, but finally they will become spheri 
cal, as at E. 

2.153. The situation in nuclear fission may be thought of as being analogo 
to that just considered. A target nucleus absorbs a neutron and forms an ex 
cited compound nucleus. The excitation energy of the latter is then equal t 
the binding energy of the neutron plus any kinetic energy the neutron may hay 
had before its capture (§ 2.87). As a result of this excess energy, the compoun 
nucleus may be considered to undergo a series of oscillations, in the course 
which it passes through a phase similar to Fig. 2.21, B. Tf the oscillation ener 
is insufficient to cause further deformation beyond B, the intranuclear attracti 
forees will compel the nucleus to return to its original form, The excess energ 
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is then removed by t 1 i 
sie eat lon of a particle or a gamma-ray photon from the 

2.154. If, however, the compound nucleus has enough energy to permit it to 
pass into the dumbbell phase (Fig. 2.21, C), the restoration of the initial state A 
becomes improbable. Consequently, from C the system passes rapidly to D and 
then to E, representing fission into two separate nuclei — the fission fragments 

which are propelled in opposite directions. The excess energy which the 
eompound nucleus must have in order to permit it to deform into the state C is 
walled the critical energy for fission. If this energy is available, e.g., as excitation 
onergy following neutron capture, then fission will usually occur. If this amount 
Ps oe is not available, fission is not possible, at least not at any appreciable 
"ate. 

2.155. According to calculations based on the liquid-drop model,* the critical 
onergy for fission decreases as the value of Z?/A increases, Z beling the atomic 
umber and A the mass number of the nucleus. When RA is less than about 
Nb, the critical energy is so large that neutrons of very high energy would be 
required to cause fission. But for nuclei having Z?/A values of more than 35 
(ho critical energy is down to 7 Mev or less (Table 2.8); this is the order of ma ; 
iiitude of the excitation energy resulting from the capture of a neutron of meet 
mate energy. The substances in Table 2.8 are, therefore, those of immediate 
interest. It may be mentioned that when Z?/A exceeds 45 or so, e.g., a nucleus 
ff utomic number 108 and mass number 260, the critical energy for Garon would 


_ } sero; such a nucleus could not exist, for, if it did, it would undergo instanta- 


hous fission. 
TABLE 2.8. CRITICAL ENERGY FOR FISSION 


Critical Energy Neutron Binding Energy 


Yurget Nucleus B/A (Mev) (M 
Thorium-232 34.9 7.5 c 
Uianium-238 35.5 7.0 es 
Uranium-235 36.0 6.5 
Uranium-233 36.4. 6.0 i 
Hiiionium-239 37.0 5.0 He 


Stow- AND Fast-NEuTRON Fission 


7,156. The excitation energy Fx of the compound nucleus is equal to the sum 
of the neutron binding energy HE, and the kinetic energy EF of the neutron. If 
/), represents the critical energy defined above, then the condition for fission 


te that 


Ex = Ey, + E> E.. (2.156.1) 


binding energy can be obtained from the nuclear (or isotopic) masses, if they 
known, or from equation (2.89.1), as described in § 2.88. The results are 


*N, Hol tae 
rs rete eer nc Fetch and Ni. Metropolis, 



























108 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [2.156 — Ete ee une ca ue ONE 


109 


nuclear energy are those with odd mass numbers and even atomic numbers, 


namely, 920%, s2U%, and Pu. Others do exist, but they have such short 
half lives that they are of no practical interest. 


in Table 2.8. Since the critical energies have been evaluated, approxi- 
Sage on the basis of the liquid-drop model, the re ci 
energy HE necessary to oe of a particular nucleus can be estima 

equation (2.156.1). 

a gue nie oe of a neutron by uranium-238, to form gos ea 
nucleus uranium-239, it is seen from Table 2.8 that FE, is 5.5 oo ae . a 
about 7.0 Mev. It follows, therefore, that the neutron would nee : — 5. 7 
1.5 Mev of kinetic energy to make fission of uranium-238 possible. Seen 
have shown that the minimum energy is about 1.1 Mev. The discrepancy 7 
tween the observed (1.1 Mev) and the calculated (1.5 Mev) a en , 
no doubt, due partly to the inexact nature of the calculations. ede * 
similar situation holds for thorium-232 which requires neutrons with energie 
i v to cause fission. 
Ee nce hand, it is evident that for uranium-233, peeaeae 
and plutonium-239 the value of E; is in each case larger than the critica oneal 
E,. In other words, the excitation energy of the compound nucleus, even for 


Fission Cross SEcTIONS 


2.160. The fission cross sections for uranium-233, uranium-235, and pluto- 
iiium-239, which are fissionable by slow neutrons, may be expected to vary with 
#nergy in a manner similar to that for the radiative capture processes, as already 
(lescribed. At low neutron energies the cross sections vary with energy in ac- 
wordance with the 1/v law, and at high energies the values become quite small, 
ipproaching the geometrical cross sections (§ 2.146). 

2.161. The thermal-neutron cross sections of uranium-235, plutonium-239, 
\Wanium-238, and natural uranium, which are important for nuclear reactor 
Work, are recorded in Table 2.10. It is seen that 84 per cent of the thermal neu-~ 


TABLE 2.10. THERMAL-NEUTRON CROSS SECTIONS OF FISSIONABLE NUCLEI 


4 sys . Fission Radiative Capture Total Absorption 

a neutron having no kinetic energy, 18 greater than the critical ee for a aie eats et Abr 

Slow neutrons should thus be capable of causing fission of uranium-233, uranlum- i one ms cm oa 

ium-239, as indeed they are. ; Bn tumn-280 ay iat 030 

Sn Poe ide 06: in behavior of uranium-235 and uranium-238, for ex Uranium-238 0 aa _ 
eeeainas ab ion i i hi itation ener; lyanium (natural) 3.92 3.5 oe 

ample, with regard to fission is due mainly to the fact that t @ exc 

of the ‘compound nucleus, i.e., the neutron binding energy, 1s considerably larg 


in the former case, namely, 6.8 Mev against 5.5 Mev. A detailed an 
of the binding energy calculations shows that the responsibility for the di — 
lies in the last term in equation (2.89.1), which can be positive, zero, or nega nN 
according to the nuclear type. The general conclusions reached. are ae 
in Table 2.9, which shows whether the neutron binding energy is (relatively, 


trons absorbed by uranium-235 cause fission, whereas only 65 per cent of those 
_ thworbed by plutonium-239 are effective in this connection. 


Fission Rate AND Reactor PowER 


4,162. It was seen in § 2.121 that the rate of any reaction involving mono- 


Miergetic neutrons can be expressed as 2d, where > is the macroscopic cross 
NG ENERGIES AND NUCLEAR TYPE Metion for the process and ¢ is the flux of the monoenergetic neutrons. As 
TAnLs 22. HRUTRON EM ‘ed Fiesionall Applied to fission this becomes 
ane eutron 
Mass No. eee eat No. Binding Energy Slow , eutr Fission rate = 2s fissions/(em*) (sec), (2.162.1) 
Odd Even Large “ whore 


Even Even Small No 


Odd Small No 2+ = Nos and ¢=™m, 
ae Odd Large Yes NV boing the number of fissionable nuclei per em? and o; cem?/nucleus the fission 
q a i Home section; n is the neutron density, i.e., neutrons per cm?, and v is the neutron 
large or small for target nuclei of various types. It is seen that the bin 


Velovity in em per sec. Although equation (2.162.1) is strictly applicable to 
felons by neutrons with a single velocity, it can be used to determine the fission 
fale in a thermal reactor; oy is then the average fission cross section for thermal 

\iirona (§ 2.129), and v is their mean velocity. In general, if o; and v are ap- 
priate average values, equation (2.162.1) can still be used to determine the 


jon rate in a reactor in which appreciable fissions are caused by neutrons of 
Hous energies, 


energy is large for target nuclei of odd mass number and even iroe oa 
or vice versa. Provided their Z?/A values exceed about 35, such nucle a 
be capable of undergoing fission by slow neutrons.* Isotopes of ee : ; 
ber and odd atomic number are very unstable and do not exist > 8s je 
appreciable extent. The only species of practical interest for the utiliza 


i i i bers of both neutrons 
* -neutron fission is possible with nuclei having even num 
nat crerided 2°/A is eufficiently large, o.g., «Om for which 2*/A is 38.4, 


TT 
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2.163. In a reactor of volume V em’, there will occur V 2/¢ fissions/sec. Since 
it requires a fission rate of 3.1 X 10" fissions/sec to produce 1 watt of power 
(§ 1.86), provided the reactor has been operating for some time, it follows that 
the power P of a nuclear reactor in watts is given by 


P watts. (2.163.1) 


_ _ Va 

~ 3.1 X 10” 
Thus, for a reactor of given active volume, in which fissions are due to neutrons 
in a specified range, the power is proportional to the product of the macroscopi¢ 
fission cross section and the neutron flux. As the reactor operates, 2y, whic 
is equal to Nos, must decrease somewhat, since there is a gradual decrease in N 
the number per cm® of fissionable nuclei. For practical purposes, however, 
and, hence, 2, may be regarded as constant; consequently, the power level i 
proportional to the neutron flux. The power output of a nuclear reactor is th 
altered by changing the neutron flux or neutron density. Similarly, the neutro 
flux or neutron density is widely used as a measure of the power level. 

2.164. For practical use, equation (2.163.1) may be put into an alternativ: 
form as follows: the product V x NV gives the total number of fissionable nucl 
and, upon division by the Avogadro number (6.02 X 10”) and multiplication b 
the atomic weight (235) of the fissionable substance, the result is the mass, 
of the latter in grams. Thus, 

Mass of fissionable material = g = we a grams. 


From equation (2.163.1), it follows that 


_ _VNosp 
~ 3.1 x 10” 


= 8.3 X 10gayp watts. (2.164. 
If the mass of uranium-235 is expressed as w lb, then equation (2.164.1) beco: 
P = 3.7 X 10°woyd watts.* (2.164. 


Since the results are given to two significant figures only, they will be equi 
applicable when uranium-233 or plutonium-239 is the fissionable material. 


P 


Example A typical experimental thermal (uranium-graphite) reactor of the Brookha 
type contains about 50 tons of natural uranium metal. If the average thermal-neut 
flux is 2 X 102 neutrons/ (cm?) (sec), what is the average power of the reactor? 
Since natural uranium contains 0.7 per cent of uranium-235, the amount of the lati 
in the reactor is (50) (2000) (0.007) = 700 Ib; this is the value of w in equation (2.164. 
The fission cross section oy is roughly 550 < 10~* em?/nucleus (Table 2.10), and 
flux ¢@ is 2 X 10” neutrons/ (cm?) (sec). Consequently, 


P = (3.7 X 10%)(700) (550 X 10-)(2 X 10”) 


= 28 X 10° watts, 


* Tt should be noted that in this equation oy is expressed in cm*/nucleus; if the value 
barns, then the corresponding equation would be P = 3.7 X 10™ woyd watts, 
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so that the average power is about 28,000 kw. 


of the Brookhaven reactor.) (Tile an the apprommateopenstink power 


Fisston Nrutrons 


2.165. As stated in § 1.174, the neutrons released in fission can be divided int 
two categories, namely, prompt neutrons and delayed neutrons. The former : 
released within a period of 10-™ sec (or less) of the instant of fission, some a 
in the following manner. The excited compound nucleus formed by the ae a 
of a neutron first breaks up into two nuclear fragments, each of which is sh 
many neutrons for stability, as well as the excess (excitation) energy, abo ie 
to 8 Mev, required for the expulsion of aneutron. The excited ee nu ‘ 
fragment frequently expels one or more neutrons — the stone neutr : i 
Within a very short time of its formation. Some of the instantaneous as 
fiys accompanying fission are apparently emitted at the same time. ee 

2.166. The energy spectrum of the prompt fission neutrons has been studied 


from about 0.075 to 17 Mev, and it has been f 
. ) ound th 
uite adequately to the formula WO ase eget 


| ie 
n(f) = om sinh V 2H e = 0.484 sinh V 2E e-, 


0.400 


(2.166.1) 


0.300 


0.200 


n(E) 


0100 
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iq, 2,22, Vission neutron energy spectrum 
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where n(E) is the number of neutrons with energy E per unit energy interval, 
for each neutron emitted.* This expression applies to fission of both uranium- 
235 and plutonium-239. In Fig. 2.22 the values of n(#) given by equation 


(2.166.1) are plotted as a function of H. It is seen that, although most of the 


prompt neutrons have energies between 1 and 2 Mev, there are nevertheless some 
with energies in excess of 10 Mey. ‘This is brought out more clearly in Fig. 2.23, 
in which n(£) is plotted on a logarithmic scale. The fact that a small proportio: 
of fission neutrons have energies of 10 Mev or more is not important for th 
design of a nuclear reactor itself, but it may be significant in connection with th 
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problems of shielding. 


2.167. The delayed neutrons accompanying fission of uranium-233, urani 
235, and plutonium-239 fall into five major groups, each of which is characteri 
by a definite rate of decay. By observing the decay of the delayed neutr 


1 


n(e—) 


0.01 


0,001 


0.0001 
° 2 4 6 8 10 12 19 


FISSION NEUTRON ENERGY, MEV 


Fia. 2.23. Fission neutron energy spectrum on logarithmic scale 





TABLE 2.11. CHARACTERISTICS OF DELAYED FISSION NEUTRONS IN THERMAL FISSION 
Fraction of Fission Neutrons Delayed 
Half Life (sec) U-233 U-235 Pu-239 Energy (Mev) 

0.43 1.8 X 10+ 8.5 X 107¢ 4.0 X 10+ 0.40 
1.52 6.2 24.1 10.5 0.67 
4.51 8.6 21.3 11.2 0.41 

22.0 5.8 16.6 9.4 0.57 

55.6 1.8 2.5 1.2 0.25 

Total 0.0024 0.0073 0.0036 


(ogether with the fraction which the group constitutes of the total (prompt and 
(lelayed) fission neutrons and the neutron energy, in each case. Allowing for 
iinor groups not included in the table, the total fraction of the fission neutrons 
Which are delayed is about 0.0025 for uranium-233, 0.0075 for uranium-235, and 
0),00388 for plutonium-239. The energies of the delayed neutrons are seen to be 
fairly small compared with those of most of the prompt neutrons. 

2,168. The fact that the delayed neutrons have definite decay half lives sug- 
wuts that their origin is associated with the disintegration of certain radio- 
\sotopes. The 55.6-sec half life has been definitely associated with the decay 


_f bromine-87 and the 22.0-sec half life with iodine-137. The following scheme 


Nha been proposed to account for the 55.6-sec delayed neutron group, and a 
similar mechanism is probably applicable in the other cases. 


Br®” (55.6 SEC) 







Kr®? EXCITED 






NEUTRON 
EMISSION 


after fission has ceased, it has been possible to associate a specific half life wi 
each group. The results for thermal-neutron fission are given in Table 2.11 


* B. EB. Watt, Report AECD-3073; Phys. Rev., 87, 1087 (1952), 
+See D, J, Hughes, et al., Phys, Rev. 73. 111 (1948), 









STABLE 


Tia, 2.24. Mechanism of delayed neutron emission 


STABLE 
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2.169. One of the products of fission is the beta emitter, bromine-87, decaying 
with a half life of 55.6 sec to produce krypton-87. The latter is evidently formed 
in a highly excited state, with sufficient energy (about 6 Mev) to permit it 2m- 
mediately to eject a neutron and leave a stable krypton-86 nucleus (Fig. 2.24). 
Any excess energy available, after removal of the neutron, appears as kineti¢ 
energy of the latter, as indicated in the last column of Table 2.11. The ob 
served rate of emission of the delayed neutrons is determined by the rate of 
formation of the neutron emitter, krypton-87, and this is dependent on the rate 
of decay of the bromine-87. ‘The latter, which is called the precursor of the 
55.6-sec group of delayed neutrons, decays in an exponential manner, with 2 
half life of 55.6 sec, and so the neutron emission falls off at the same rate. 

2.170. The precursor of the 22.0-sec delayed neutron group is probably iodine 
137; this has a half life of 22.0 sec, forming xenon-137 which instantaneously 
expels a neutron. Here again, the emission of the neutron is delayed becaus 
the rate of formation of the xenon-137, from which it originates, depends on th 
rate of decay of the precursor, iodine-137. The other three groups of delayec 
neutrons are probably produced in an analogous manner, although the precursor 
in these cases have not yet been identified. 


Fisston GAMMA RADIATION 


2.171. The gamma radiation from fission is sometimes classified as prompt an 
delayed, as with neutron emission. Part of the prompt or instantaneous gammy 
radiation is produced at the same time as the prompt neutrons, the remaindeé 
being emitted by radioactive fission fragments of very short life. The delaye 
gamma rays, on the other hand, are those emitted over an extended period b 
the many longer-lived radioactive products resulting from fission. The lat 
will be considered more fully later. 

2.172. Only two sets of measurements have been reported of the gamma rad is 
tion accompanying fission of uranium-235 (Table 2.12).* Although they ag 


TABLE 2.12. ENERGY OF FISSION GAMMA RADIATION 


Total Energy Average Energy 


Investigators per Fission (Mev) per Photon (Mev) 
Deutsch and Rotblat 5.1 403 E 
Kinsey, Hanna, and Van Patter 4.6 +01 2.5 


in indicating that the total prompt gamma-ray energy is about 5 Mev, there 
a considerable difference in the estimates of the average energy per photon. We 
various calculations it is found satisfactory to assume that the fission gamn 
radiation is emitted as five photons of 1-Mev energy. 


* M. Deutsch and H. Rotblat, Report AECD-3179; B, B. Kinsey, G. C. Hanna, and D, 
Van Patter, Canad, J, Res., 26A, 79 (1948), 3 : 
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Fisston Propucrs 


2.173. A detailed study of the slow-neutron fission of uranium-235 has shown 
(hat the compound nucleus splits up in more than 40 different ways, yieldin 
over 80 primary fission products (or fission fragments).* The meine of ‘hada 
numbers of the products is from 72, probably an isotope of zine (atomic number 
40), to 160, possibly an isotope of gadolinium (atomic number 64). In Fig. 2.25 
(he mass numbers of the products of uranium-235 fission are plotted sentinel the 
orresponding fission yields, the fission yield being defined as the proportion (or 
percentage) of the total nuclear fissions that form products of a given mass num- 
hor, Since the observed fission yields range from 10-° to over 6 per cent, the 
ive plotted on a logarithmic scale. It should be noted that, as two nuclei cabal 
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os" “ ' 
ho torma “primary fission products” or “fission fragments” refer to the nuclei formed 


Hevtly in fission, ‘The general expression “fission products” is applied to the mixture of 


wy products and the various species formed by their radioactive decay 
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from each act of fission, the total yield for all mass numbers adds up to 200 per 

cent. Incidentally, the reason why mass numbers, rather than atomic numbers, 
are considered is that most of the fission fragments are radioactive, decaying by 
the loss of a negative-beta particle. The atomic numbers, consequently, change 
with time, but the mass numbers are unaffected by beta decay (§ 1.58). 

2.174. An examination of Fig. 2.25 shows that the masses of nearly all the 
fission products fall into two broad groups, a “Jight” group, with mass numbers 
from 80 to 110, and a “heavy” group, with mass numbers from 125 to 155. 
There are some products between and outside these ranges, but altogether they 
represent no more than a few per cent or so of the fissions. The most probable 
type of fission, comprising nearly 6.4 per cent of the total, gives products wit a 
mass numbers 95 and 139. It is apparent that the slow-neutron fission of 
uranium-235 is unsymmetrical in the great majority of cases. Curves similar 
to that in Fig. 2.25, but with maxima and minima displaced slightly from those 
for uranium-235, have been obtained for the slow-neutron fission of uranium-23¢ 
and plutonium-239. 4 

2.175. Corresponding to the distribution of mass numbers among the fission 
products, there has been observed a distribution of kinetic energy. Conserva 
tion of momentum requires that the products of smaller mass numbers should 
have the higher velocities and, hence, higher energies. Consequently, two dis 
tinct kinetic-energy groups, analogous to the two mass-number groups, have beer 
detected; the kinetic energies are approximately 61 Mev for the most abunds nt 
member of the heavy group and 93 Mev for the corresponding one in the ligh 
group. The ratio of 93 to 61 is about 1.5, and this is very close, as it should b 
if momentum is conserved, to the ratio of the mass numbers for maximum yield 
i.e., 189 to 95, or 1.46. ; 

2.176. During the fission process many of the orbital electrons of the aton 
undergoing fission are ejected, with the result that the fission fragments alr 
highly charged. The lighter fragments carry an average positive charge of abo’ 
20 units, whereas the heavy fragments carry some 22 positive charges. Suel 
particles, moving at speeds of the order of 10° cm/sec, are able to produce con 
siderable ionization in their passage through matter. Because of their larg 
mass and charge the specific ionization is high, and their range is, therefo 
relatively short (§ 2.27). Thus, the ranges of the light and heavy groups ¢ 
fission fragments have been found to be about 2.5 cm (1 in.) and 1.9 cm (0.8 in. 
respectively, in air. These are roughly of the same order of magnitude as th 
ranges of alpha particles from radioactive sources. 1 had 

2.177. The range of the fission fragments in various materials is important fa 
reactor design, since it is necessary to prevent their escape from the fuel elem en 
into the surrounding medium, e.g., water, which might be the coolant or liq 
moderator. In aluminum, for example, such as is used for cladding the urani 
fuel in the Oak Ridge (X-10) and Brookhaven reactors, the range of the fissio 
fragments has been found experimentally to be about 1.4 X 10~* em, ie., abo 
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0.55 thousandth of an inch.* As a working approximation, the range of the 


fission fragments in any medium may be taken to be the same as that of 4-Mev 
alpha particles. 


RaDIOACTIVITY OF FISsION FRAGMENTS 


2.178. Nearly all of the fission fragments are radioactive, emitting negative 
heta particles. The immediate decay products are also usually radioactive and, 
although some decay chains are longer and some shorter, each fragment is fol- 
lowed, on the average, by three stages of decay before a stable species is formed. 
Mince there are some 80 different radioisotopes, produced in fission and each is, 
on the average, the precursor of two others, there are over 200 radioactive species 
present among the fission products after a short time. 

2.179. A large proportion of the radioactive fission products emit gamma rays, 
in addition to beta particles. These represent the so-called delayed fission 
imma radiation. Most of it is of moderate energy, less than about 2 Mev, 
hut a few of the fission products expel photons of higher energy. The latter are 
of interest for many shielding problems and for other reasons. Table 2.13 








TABLE 2.13. HIGH-ENERGY GAMMA RAYS FROM FISSION PRODUCTS 

Kadioactive Fission Yield Gamma Yield Energy 
Species Half Life* (per cent) (per cent) (Mev) 

Hut, Rht06 ly, 30s 0.48 2 2.9 

Oo'4, Pri“ 290d, 17.5m 5.3 small >2.2 

2 2.2 

2 2.6 

Wulee 15.4d 0.013 60 2.0 

Hal, Lat 12.8d, 40h 6.1 3.2 2.5 

To's, [13 77h, 2.4h 4.5 2.7 2.0 

To'"m, Test 30h, 25m 0.45 21.6 >2.2 

[is 6.7h 5.6 1.95 2.4 

4 1.8 

Kem, Ribs 2.77h, 17.8m 3.1 15 2.8 

19-34 1.9 


*y = year, d = day, h = hour, m = minute, s = second. 


#ivew a list of fission fragments and their daughters which are known to emit 
Wlutively high-energy gamma rays.{ The fission yields refer to the fission of 
WAnium-235 (see Fig. 2.25), and the ‘gamma yield’ is the proportion of the 


* hoo 1, Segrdé and C, Wiegand, Phys. Rev., '70, 808 (1946). 
W, K, Ergen, unpublished; see also, J. Moteff, Nucleonics, 13, No. 5, 28 (1955). 
‘Two entries in one line refer to a fission fragment and its daughter; the latter emits the 


yonergy gamma ray, The symbol Te!” refers to an excited (high-energy) or metastable 
to of thin inotope, 
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decays that are accompanied by gamma radiation in each case. The product 
of the percentages in the third and fourth columns gives the number of gamm 
photons of each particular kind per 10,000 fissions. Where the energy 1s give 
as >2.2 Mev, it means that the value is known to be greater than the phot 
neutron threshold energy for deuterium (§ 2.76) but has not been determin 
more precisely. 


Decay or Fisston Propucts: ENERGY RELEASE AND RADIOACTIVITY 


2.180. While it is possible, theoretically, to express the rate of decay of t 
complex fission product mixture in terms of the fission yields and the radioacti 
constants of the various isotopes, it is quite impractical because of the complexit 
of the resulting expressions. There are, however, two problems of interest ar 
ing in reactor work which may be considered. One is to estimate the rag 
energy (heat) release from the fission product mixture due to emission Z e 
particles and gamma rays; and the other is to determine the amount of a p 
ticular fission product present in a reactor at various times. 


tion of a second up to a million years, it has been found that the rate of emissi 
of beta particles and of gamma-ray photons can be stated by means of a simp. 
empirical expression which is probably accurate within a factor of two or le 
From about 10 sec up to several weeks after fission has taken place, these ray 
(per fission) are given approximately as follows: 


Rate of emission of beta radiation 


= 3.8 X 10! particles/ (sec) (fission), (2.181 


Rate of emission of gamma radiation 


~ 1.9 X 10-2 photons/ (sec) (fission), (2.181. 


where ¢ is the time after fission in days. The mean energy of the beta parti 
from the fission products is about 0.4 Mev and that of the gamma-ray pho 


EACTOR START-UP 
ARBITRARY TIME DURING 
OPERATION 
REACTOR SHUT-DOWN 
ARBITRARY TIME AFTER 
SHUT-DOWN 


R 


a 
+ 
4 


° 
ot 
4 


TIME —> ; 
Fie. 2.26. Calculation of rate of beta and gamma energy release by fission prod 


* 1K, Way and Ei, P. Wigner, Phys. Rev,, '73, 1318 (1948). 
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is about 0.7 Mev, so that 
Rate of emission of beta and gamma energy 
= 2.7 X 10-t-!2 Mev/(sec) (fission). (2.181.3) 


2.182. Suppose a reactor has been operating at a constant power of P watts 
for a period 7’) days, and that it is required to determine the rate of emission of 
beta and gamma energy from the fission products after shut-down. Consider 
« small interval dT at a time 7 days after start-up (Fig. 2.26). The rate of 
emission of beta and gamma energy, at a time 7 days after start-up, due to fis- 
sions occurring during the interval d7' is then given by equation (2.181.3) as 
2.7 X 10-*(7 — TT)" ~Mev/(sec)(fission). Since 3.1 X 10" fissions/sec or 
2.68 X 10" fissions/day yield 1 watt of power, the number of fissions occurring 
in the reactor (operating at P watts) during the time interval dT days 
is 2.68 X 108P dT. It follows, therefore, that 


Rate of emission of beta and gamma energy at time 7, due to fissions in 
interval dT 
=~ (2.7 X 10-) (2.68 K 10%)P(r — T)-2 dT Mev/sec 
=~ 7.3 X 10°P(r — T)2 dT Mev/sec. 
Consequently, for fissions occurring during the whole of the period of the reactor 
Operation, 1.e., from T = T) to T = 0, 
Rate of emission of beta and gamma energy at time 7 


~ 7.3 X 10°P i. (7 — T)-2 dT 
= 3.7 K 10"P[(7 — To)? — 7?) Mev/sec. 


Upon introducing the conversion factor, 1 Mev = 1.6 X 107" watt-sec (§ 1.86), 
it ia seen that 


Rate of emission of beta and gamma energy at time 7 
=~ 5.9 X 10°°P[(r — To)? — 7-°-*] watt, 


(2.182.1) 
where P is the power of the reactor in watts. It will be noted from Fig. 2.26 
(hat r — 7 is the time in days after shut-down, sometimes called the ‘‘cooling”’ 
lime, and 7 is the time after start-up at which this equation gives the rate of 
wnergy release due to the decay of the fission products. 


2.183. The results of equation (2.182.1) have been expressed in graphical form, 


win Fig, 2.27. This gives the total beta and gamma power per watt of reactor 


power as a function of the time + — 7 after shut-down, for several different 
operating periods 7’. The actual rate of energy release is obtained upon mul- 
\iplying the value given by Fig. 2.27 by P, the reactor power in watts. 

2,184, If it is desired to know the activity of the fission products in curies 
(} 2.14), an approximate estimate can be made from equation (2.181.1), giving 
the rate of emission of beta particles, utilizing the fact that every particle corre- 
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ie] j 10 
sponds to one nuclear disintegration. Since 1 curie 1s equivalent to 3.7 X 10 
dis/sec, it follows that 


Activity of fission products ~ 1.03 X 10-1 curie/fission, 
where tis the time in days after fission. By means of arguments similar to those 


in the preceding paragraphs, it is found that, for a reactor which has been operat- 
ing at a power of P watts for Ty days, 


Aotaenty of felon panies as U(r — To)? — —0.2] curies. (2.184.1) 


It is seen that if a reactor has been operating for some time at a Bo ae 
order of megawatts, the activity of the fission products will, soon atte 
down, be of the order of megacuries. 


TOTAL BETA AND GAMMA WATTS PER WATT REACTOR POWER 





COOLING TIME (T~To), DAYS 


Fic. 2.27. Total beta-particle and gamma-ray power from fission products 


2.185. It will be noted that equations (2.182.1) and (2.184.1), ay vn 
of energy release and the radioactivity, ee a cas ae 
i 1 i actors. ' 
tor is shut down, differ only in the numerical ( 
Sar die also be used to give the activity in curles; all that is ao 4 ’ 
multiply the beta-gamma power in watts by the factor pid ys x ,W 
by 240. The results are also expressed graphically in Fig. 7.5. 


a : Rk, L. Koon 
“Seo also, K. Thornton and W, Houghton, J. Appl. Phys., 24, 1374 (1958); R. I 
and A, A. Jarrett, Nucleonica, 12, No, 6, 26 (1964), 
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ACCUMULATION oF SpEciIFIc Fission Propucts 


2.186. For certain purposes, e.g., the study of reactor poisoning by fission 
products (see Chapter IV) or the extraction of particular products, it is required 
to know how specific fission products accumulate during reactor operation and 
decay after shut-down. In the reactor a radioactive fission fragment A will be 
formed directly by fission and will decay to form the product B; the latter will 
decay in turn to yield C, and so on; thus, 


= Pe Be 8 SB 
Fission —- A> B->C-. 


In addition to undergoing radioactive decay, the substances A, B, C, etc., may 
(apture neutrons while the reactor is operating. By taking into account the 
various processes, it is possible to set up differential equations for the rate of 
vhange of concentration of the specific products, A, B, C, etc., and these can be 
wolved relatively simply in certain cases. In the following treatment it is sup- 
posed that the neutrons either are monoenergetic or are in thermal equilibrium 
with their environment. Alternatively, it may be assumed that proper average 
values for the cross sections and neutron flux are used. 

2,187. Consider, first, the fission fragment A; if ya is its fission yield, expressed 
i a fraction, then the rate of formation of A due to fission is equal to vad; 
iiuiwlei/(em*) (sec), where 2, is the number of fissions/(em*)(sec). If A is the 
umber of nuclei/em’ of A at any instant, and A, is its radioactive decay con- 


_ flant, the natural rate of radioactive decay will be —4A nuclei/(em*)(sec). In 


widition, A nuclei will be removed from the system as a result of neutron capture 


i a rate equal to —o4¢A nuclei/(cm*) (sec), where 4 is the capture cross section. 
Ii is thus possible to write 


to = dd — ond + adh (2,187.1) 


for the net rate of increase of A nuclei with time. 

2,188. When the reactor has been operating for some time, at constant power, 
#0 that 2¢ is constant, an equilibrium will be reached, when the rate of formation 
Hf A is equal to its rate of disappearance; dA/dT will then be zero. Indicating 
(he equilibrium concentration of A as Ao, it follows from equation (2.187 .1) that 


Ay = —VA2 _ Zo 


ee 3 ee, (2.188. 1) 


Where Aq", defined by 


Aa* = da + oad, (2.188.2) 


tity bo regarded as the effective removal (decay and capture) constant of A in 
the reactor, provided the neutron flux remains constant. The equilibrium 


ount of A is seen to depend on the neutron flux in the reactor. 


#,180, An expression for A(7’), the concentration of A nuclei at any time T, 
be obtained by rewriting equation (2.187.1) as 
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mi + (Aa + cag)A = Yar, 
or 


uo + datd = yadyo. (2.189.1) 
Upon multiplying both sides by the integrating factor eT assuming ¢ to 
be constant, and by dT’, the left side becomes a perfect differential, equal to 
d(Aé“"*), so that 

d(AeT) = yad,ge™"? da. (2.189.2) 


Tf Zy¢ is constant, as postulated, integration of equation (2.189.2) gives 


A(T) = aa (1 — e*7) + A(O)e—™"?, (2.189.3) 
where A(T’) and A(0) represent the concentration of A at times 7 and zero, 
respectively. 

2.190. An alternative form of this equation is obtainable by introducing equa- 
tion (2.188.1) and recalling the definition of \4* given above; thus, 


A(T) = Ag(l — e™"7) + A@e™", 


so that, as 7’ increases, A(T’) approaches the equilibrium value Ao. If, as i 
the operation of a freshly charged reactor, A (0) is zero, the last term in equation 
(2.189.3) and (2.190.1) can be eliminated; for example, equation (2.190.1) be= 
comes 


(2.190.1) 


A(T) = Ao(l — e™*”). (2.190.2 


2.191. Turning next to the daughter element B, this is removed from the sy 
tem, by radioactive decay at the rate —)gB and by neutron capture at the ra 
—op¢B. It is formed at the rate \aA by the decay of its parent A, and in addi 
tion it may be produced at the rate yp2s¢ as a direct fission fragment. 
rate of growth of B is therefore given by 


ao = —\pB — ondB + AsA + YB2y9, 
and the equilibrium or steady-state concentration of B is 
Boa AaAo + yBryp _ AaAo + eX sh 
° ds + one An* 


where, as before, 
\n* = AB + ond, 


if the neutron flux remains constant. It will be noted that the value of A 
equation (2.191.2) has been taken as the equilibrium concentration, since 
steady state of B implies a steady state of A. Upon introducing equati 
(2,188.1) into equation (2,191.2), it is found that 
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dA 
Bo = he Vad + HE. 
B 


da*AB* 


2.192. Rearrangement of equation (2.191.1) gives 


(2.191.3) 


dB 
av + AB*B = AsA + Bry, 


and, upon multiplying both sides b i i 
: y the integration factor @»*T 
the result, assuming constant neutron flux, is oe ae a 


d(Bers*T) = (AsA + yBdp) eet aT. 
Integration between 0 and 7, with > constant, then yields 
—)AB* T 
BT) = eT | (sd + vedd)ow'r aT + BO)]. — (2,192.1) 


Utilizing equation (2.189 3) for A, a Ly i m. n th 
4 . , actually A(T), this be i peci 
wuse of a freshly charged reactor, when A (0) and B(0) are jeans Shera 
? 


st X 1 — e-ds"T —de*T —a* 
Br) = 4a, (our sce oe ee z 
da* va2sh dz* Ae* — Dat ) oT ae (1 ~ enMty) 
ee (2.192.2) 
) utilizing equations (2.188.1) and 2.191.2), for A» and Bo, respectively 
r i AsAo pe . 
BL) = Foe — ys CON? — eM) + Bol — e2"Z), (2,192.3) 


- Hlere, again, as 7’ increases, B(T’) approaches the equilibrium value Bp. 


ee . case of interest, which arises in connection with poisoning by xenon- 
: ' , a A has a very short life, especially in comparison with that of B 
, When Ax, is large. Then, \4/da* is close to unity, and equation (2.191 3) 


reduces to 
a (va + YB)Z sp 
AB* 


(2.193.1) 


In addition, Ao will b i 
— » Ao e small [cf. equation (2.188.1)], and so equation (2.192.3) 


B(T) = Bl — e~*"7), (2.193.2) 


omparison of these expressions with equations (2.188.1) and (2.190.2) 

lively, shows that, if the fission fragment A has a very short life she d ; tee 
tiny be treated as if it were itself a direct fission product formed with aH He : 
ys + vn. In this case, too, expressions of the form of equations (2 1913) pas 


(4,102.3) will give the values for C, i 
o and C(7), respectivel 
tien of A and B become those of B and:C, sasdaaaanianss | ir sedan a, 


ee Another situation is that in which the daughter B, e.g., samarium-149 
ie ae #0 that Ay is zero. In these circumstances, equation (2.191.1) 
elimination of the term — A,B, and the equilibrium concentration of 


Li 
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B is given by equation (2.191.2) as 


Bite AaAo + YB 
oe ond 


This means that, provided oz is finite, that is to say, provided the species B has 

an appreciable cross section for neutron capture, it will attain an equilibrium 
concentration in the reactor in spite of the fact that it does not suffer radioactive 
decay. Further, since \s* is now equivalent to ond, equation (2.192.3) becomes 


_ rAsAo (e—enbT ons e7*T) + Bl rat est), 
ond — Aa* 

2.195. Attention should be called to the fact that the existence of equilibrium 
or steady-state concentrations of A, B, etc., in all the cases considered above, 
depends on the postulate that both 2, and ¢ are constant. Although it ‘ pos- 
sible, in principle, to keep the flux constant in a reactor, the macroscopic “a 
cross section will decrease in the course of time. This is because zy, is equa 4 
Nyoy, where N; is the concentration of the nuclei undergoing fission, and this ma 
decrease as the reactor operates. As a result, the so-called eo ae 
Ao, Bo, etc., decrease correspondingly. However, in all practical ene . 7 
tional decrease in N; is so small that it can be neglected for purposes of calc 
tion. 


(2.194.1) 


B(T) = 


Decay or Speciric Fission Propucts Arter SHUT-DOWN 


2.196. Suppose that, after operating for some time so that the steady sta 
has been reached for A, B, etc., the reactor flux is decreased to a constant valu 
¢’. It can be readily shown that equation (2.189.3) now becomes 

iP. 

A= fae (1 — eM) + Age-™™, (2.196.1 
where f is the time after the change was made in the flux, \a* is here equal 
da + oad’, while Ao is given by equation (2.188.1). If shut-down is comple 
so that ¢’ is zero, the subsequent change in the concentration of A will be dui 
only to radioactive decay; in this case, equation (2.196.1) becomes simply 


A(t) = Age ™, (2.196.2 


. equation (2.5.2)]. 
me of an at time ¢ after the flux has been reduced from $ 
¢’, is given by equation (2.192.1) with dB* equal to An + on¢’, and o eee 
¢’; the expression for A(#) is now equation (2.196.1), and B(O) is 8 * 
the steady-state value before the flux was reduced. In the case a Ne 
shut-down so that ¢’ becomes zero, equation (2.192.1) is transformed into 


B(t) = e7™™ Br Ae dt + Ba, 
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und, since A(é) is now expressed by equation (2.196.2), 
BO) = ef radoe®—0" dt + Bo] 


a Ao(e—t — dst) + Boe, 
AB — Aa 





(2.197.1) 


2.198. If B(é), as given by equation (2.197.1), is plotted as a function of time 
‘ after complete shut-down, it is found that in certain circumstances B(t) in- 
oreases, then passes through a maximum, and finally decreases steadily (see Fig. 
4.12). The physical interpretation of this fact is that, immediately after the 
reactor is shut down, and the neutron flux is virtually zero, the daughter B con- 
linues to be formed from A at about the same rate as before, and, although B 
(lecays, it is not now removed as a result of neutron capture. Consequently 
(he amount of B in the system commences to increase. In due course, as A 
(lecays, the rate of formation of B decreases and may become smaller than its 
tute of radioactive decay. The concentration of B in the system thus ultimately 
lulls off, after passing through a maximum. The application of these facts to 
reactor poisoning, when B is xenon-135, will be considered in Chapter IV. 

2.199. The time after complete shut-down for attaining the maximum amount 
of B can be obtained by differentiating equation (2.197.1) with respect to ¢ and 
wtting the result equal to zero; thus, 

tn os sr Ao(ne—* — Axe) — Bokpe—™ = 0 


#0 that 


2 oo ie AO _ Ap— Aa Bo 
fmax = AB — AA _ AA [1 NA ah 


Which is real, provided Aa > Az. The value of Brax can then be obtained by 
Mibstituting ¢nax for ¢ in equation (2.197.1). 


2,200. If B is a stable species, so that Az is zero, equation (2.197.1) for B(t) 
alter complete shut-down becomes 


(2.199.1) 


BQ) = Ao(l — e™) + Ba, 


(he first term giving the amount of B formed by decay of A, with a concentration 
if Ay at zero time, i.e., at shut-down, and the second term representing the 
fnount of B at shut-down. Since B is stable, its concentration does not pass 
(rough a maximum but increases steadily after shut-down to a limiting value 
til Ap + Bo, where Bo is given by equation (2.194.1). The physical basis of this 
fewult will be readily apparent. 
4,201, In the foregoing treatment it has been supposed, in order to avoid com- 
lonted expressions, that the reactor has essentially reached its steady state 
fore shut-down, However, if this is not the case, the procedure is similar, 
“opt that the proper value of A(7’) or B(7') attained in the reactor at shut- 


/ 
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down must be used for the initial concentration in estimating A (¢) and B(é) after 
shut-down. 


NEUTRON CAPTURE AND RADIOACTIVE DECAY PROCESSES 


: ’ 
ForMATION or Neutron CapTuRE PRopvuctTs 


2.202. Various useful products, in particular radioisotopes and fissionable ma- 
terials, such as plutonium-239, are formed by neutron capture in a nuclear re- 
actor. It is of interest to derive expressions for the concentration of such prod: 
ucts as a function of time. In the simplest case, suppose a stable species 
(absorber) is exposed in a reactor to a neutron flux ¢ and that it captures neu 
trons, forming A, which is radioactive and also captures neutrons. The expr 
sion for the variation in the concentration of A with time is identical wit 
equation (2.187.1), except that the term yas is replaced by 24, where List 
macroscopic capture cross section of the absorber. In this case, assuming > anc 
¢ to be constant, the equilibrium or steady-state concentration of A becom 
_ 26 
=r 
where \a* has the same significance as before [equation (2.188.2)]. The e 
pression for A(7’) is then given by equation (2.189.3) as 


ae (2.202.1) 


A(T) om xe. (1 a e—a*P) 


= Ao(1 — e~™"**), (2.202.2 


the initial amount of A being taken as zero. It may be mentioned that the 

marks in § 2.195 concerning the steady-state concentration apply equally he 

2.203. If, after a certain exposure, the product A is removed from the reacto 

it undergoes normal radioactive decay, and its concentration A (¢) at time ¢ af 
removal is given by 

A(t) = A(T)e~™ 


= Ao(1 _ eer, 


where T is the time of exposure in the reactor. For a long exposure, so that thi 
steady-state concentration of A has been attained, 


A(t) = Ace™, (2.203. 


where Ay is defined by equation (2.202.1). It will be shown in Chapter V ho 
the foregoing equations may be used to determine neutron flux, e.g. in & react 
by exposing a suitable absorber of known cross section and measuring the radi 
activity of the product of the (n, y) reaction. Alternatively, if the flux is kno 
the same procedure can be used to evaluate the cross section of the absor 
2.204. If it is required to determine B(7'), where B is formed when A captu 
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a neutron, the methods used above for fission products can be readily adapted. 
As before, ya2s¢ is replaced by 2¢ and yg2ys¢ Is zero, since B is not formed directly 
from the original absorber, but only as a result of neutron capture by A. Hence, 
with these modifications, equations (2.191.2) and (2.202.1) yield 


A r 
Bo = ne Ay = xe =¢, (2.204.1) 
and from equation (2.192.2) 
a Aad] (1 — ea s*T eaaB*T — e—da*T 2204.2 
a(n) = 28/4 | 22042) 


‘he change in the concentration of B due to radioactive decay, after removal 
from the reactor, may be treated in a manner similar to that used for reactor 
shut-down. 

2.205. When B decays it forms C, and this may or may not be radioactive. 
An important example of this type arises when uranium-238 captures a thermal 
Heutron to form uranium-239, which represents A; the decay product B is then 
Hwoptunium-239, and its daughter, i.e., C, is plutonium-239 (§ 1.59). Although 
(he latter is radioactive, emitting an alpha particle, its half life is so long, i.e., 
\ls decay constant is so small, that for all practical purposes it may be regarded 
iw being nonradioactive. Similar considerations apply to uranium-238, the ini- 
(ial neutron absorber. 

2.206. Since the rate of formation of plutonium-239 in a production reactor 
(4 1.136, et seg.) is of interest, this case will be considered. The net rate of 


increase of C, which is assumed to be nonradioactive but can absorb neutrons, 
in given by 
ac = 


aT ABB — ocdC, 


(2.206.1) 
whore the first term on the right gives the rate of formation of C by decay of B, 
wud the second term is the rate of loss due to neutron capture; oc is the total 
ileroscopic absorption cross section of C for all neutron processes, e.g., fission 
and radiative capture. 


2.207. The equilibrium concentration of C, for constant flux ¢, is then 


_ ABBo 
er ? 
° ood 
wine B must have attained its steady-state value. The product C is then being 
lot, in radiative capture and fission processes, just as fast as it is formed from B. 


litvoducing equation (2.204.1) for Bo, the expression for Co becomes 


CO = 


S (2.207.1) 
9 


lore B is the macroscopic (capture) cross section for the original absorber, i.e., 
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uranium-238 in this case. It should be noted, as in § 2.195, that the occurrence 
of a true steady state for plutonium-239 depends on the assumption that the 
concentration of uranium-238 remains essentially constant, and that the flux is 
also constant.* 

2.208. The attainment of an equilibrium (or steady-state) concentration of 
plutonium-239 is important in connection with the behavior of production re- 
actors. It shows that, even if the problems of radiation instability and of fission- 
product poisoning, referred to in Chapter I, could be overcome, there is still a 
limit to the useful operating time of the reactor, since a point will be reached 
when the plutonium-239 is being lost, as a result of fission and radiative capture, 
as fast as it is being formed from uranium-238. 

2.209. Upon rearranging equation (2.206.1) to 


dC 
av -+ ochC = ABB, 
multiplying by e’°*? dT and integrating, the result is 


C(T) = e-7T\p is ” BevsT AT, (2209.1) 
the initial concentration of C being taken as zero. The value of B is given by 
B(T), as expressed by equation (2.204.2), and this can be inserted into equation 
(2.209.1) and the required integration performed. The resulting expression 
gives the concentration of C, e.g., plutonium-239, as a function of time of reactor 
operation before the steady state is attained. 

2.210. The methods described above can be used to derive equations for the 
time dependence and the equilibrium values of the concentrations of various re- 
actor products formed by neutron capture, fission, or radioactive decay, or by 
various combinations of these processes (see, for example, §§ 7.10, 7.12). In 
some instances the setting up of the appropriate differential equations and their 
solution is tedious and time consuming. Consequently, generalized methods 
have been developed whereby the necessary calculations can be greatly accel- 
erated. Since the basis of the treatment is somewhat involved, it will be suffi- 
cient to refer the interested reader to published reports on the subject. 


Sympoits Usep IN CHapTer II 


A mass number 

B binding energy of electron 
barn 10-* cm?/nucleus 

e base of natural logarithms 


* Although equation (2.207.1) for Cy does not appear to contain ¢ explicitly, it is actually 
included in \,4* and ds*. 

+ See also, L. Gold, Nucleonics, 11, No. 4, 40 (1953). 

+R. F. Van Wye and J. G. Beckerley, Nucleonics, 9, No, 4, 17 (1951); H, ©, Ott, ibid, 
10, No. 11, 116 (1952); see also, W. B. Lewis, tbid., 12, No. 10, 80 (1964), 


ae et > Sos NH 
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energy (in ev or Mev) 

binding energy of neutron 

critical energy (for fission) 

gamma-ray energy 

weight in grams 

radiation (or neutron) intensity 
Boltzmann constant (8.6 X 10-° ev/°C or 4.8 X 10-° ev/°F) 
mass (of neutron) 

neutron 

number of neutrons 

neutron density (neutrons/cm') 

number of neutrons of energy F per unit energy interval 
neutron flux (neutrons/ (em?) (sec)) 

number of nuclei or atoms (or per cm*) 
Avogadro number (6.02 X 107%) 

proton 

reactor power (watts) 

range of particles 

nuclear radius 

time 

time after fission 

time after shut-down or after removal from reactor 
half life of radioisotope 

mean life of radioisotope 

time after reactor start-up 

time in reactor 

reactor operating period 

absolute temperature 

absolute temperature on Kelvin scale 
absolute temperature on Rankine scale 
velocity (cm/sec) 

weight in pounds 

thickness of absorber 

atomic number 

alpha particle 

gamma-ray photon 

neutron flux (neutrons/(cm?)(sec)) 
radioactive decay constant 

mean free path 

linear absorption coefficient (em-') 
number of atoms of given kind in molecule 
density (g/em") 

microscopic cross section (cm*/nucleus or barns) 
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Ta absorption cross section (fission + capture) 

oe capture cross section 

OF fission cross section 

Os scattering cross section 

ot total cross section 

z macroscopic cross section (em~!) 

x(£) macroscopic cross section for energy EL 

0 Compton scattering angle 

T tire after reactor start-up 


PROBLEMS 


1. Using the cross sections given in this chapter, verify the values of y for thermal 
neutrons in Table 1.7. Calculate 7 for enriched uranium containing (a) 1 per cent, 
(6) 2 per cent, and (c) 5 per cent of uranium-235. What conclusion can be drawn from 
the results? 

2. The :adioactive decay constant of antimony-124 is given as 0.0115 day. How 
many years would be required for the activity of this isotope to decay to 0.1 per cent of 
the initial value? How many half lives does this represent? 

3. A sample of radioactive iodine has an activity of 1 me, due to iodine-126, half life 
13.0 days. What weight of this radioisotope is present? 

4. Estimate the distance in inches the alpha particles from plutonium-239 would 
travel, before being stopped, in (a) animal tissue, (6) aluminum, (c) uranium. 

5. If the fission product cesium-141 has an atomic mass of 140.9472 and that of its 
beta-decay product (barium-141) is 140.9438, estimate the approximate range of the 
beta particks, emitted by the former, in (a) air, (b) concrete of density 3.5 g/cm’, assu: 
ing there ate no gamma rays. 

6. Derive a general expression relating the tenth-value layer thickness for gamma ra: 
to the linea: absorption coefficient of a material. What thickness of concrete of densit; 
3.5 g/cm’ would be required to attenuate 2-Mev gamma radiation by a factor of 10%? 

7. In traversing a thickness of 2.5 cm of material of atomic weight 112 and densit; 
5.6 g/cm’, the intensity of a collimated beam of neutrons is decreased to 0.1 of its initi 
value. Calkulate the total microscopic cross section in barns and estimate the absor 
tion cross section. 

8. A bismuth (density 10 g/cm?) “window” is used in some experimental reactors te 
attenuate the gamma radiation without appreciably affecting the thermal neutrons 
Compare tke ratio of 2-Mev gamma rays to thermal neutrons incident upon an 8.5-i 
thick window to the emergent ratio. { 

9. The nost probable mode of fission of uranium-235 leads to nuclei with mass nu 
bers 95 and 139. Identify the particular isotopes formed, assuming that the neutron, 
proton ratio is the same in both fragments. By comparing the mass numbers with tho 
of stable is»topes of the same elements, account for the beta activity of the fissio 
products. 

10. If neutrons can be regarded as a monatomic gas, estimate the “neutron gas pres 
sure” (in atmospheres) equivalent to a thermal flux of 10! neutrons/(cm?)(sec) at 25° 
(77°F). Note that at this temperature and 1 atm pressure, 1 gram atomic weight 
a monatomic gas would occupy 22.6 liters. 

11. From the Maxwell-Boltzmann equation (2,106.2) show that /7' is the kine 
energy of a particle corresponding to the most probable velocity per unit velocity interv: 

12, A photoneutron source consists of an antimony rod, external area 5 em*, havi 


\ 
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in activity of 0.1 curie (due to antimony-124), surrounded by 30 grams of beryllium 
(density 1.8 g/cm’). Assuming that every nuclear decay of the antimony-124 is accom- 
panied by a gamma-ray photon which emerges from the rod and that the cross section 
for the (y, 2) reaction with beryllium is 0.0011 barn, estimate the rate of neutron pro- 
duction, 

13. The capture cross section of sulfur for neutrons of 0.025 ev (actual) energy is 0.54 
lurn. Calculate the average cross section for thermal neutrons at 80°C, assuming the 

\/v law to be obeyed. 

14. A Water Boiler type thermal reactor, which operates at an average temperature of 
80°C, contains 1450 grams of uranyl sulfate (UO.SO,), enriched to the extent of 93 
uclear per cent in uranium-235, dissolved in ordinary water. The total volume of the 
solution is 13.5 liters and its density is 1.09 g/cm’. Calculate the average absorption 
inean free path for thermal neutrons in the reactor. 

15. By means of equation (2.89.1), calculate the excitation energy of the uranium-239 
iucleus formed when uranium-238 captures a thermal neutron. 

16. The Brookhaven reactor and the Materials Testing Reactor both operate at a 
power level close to 28,000 kilowatts, but the average thermal fluxes are 2 10! and 
4 & 10' neutrons/(cm?)(sec), respectively. If the Brookhaven reactor contains 50 tons 
of natural uranium, how many kilograms of uranium-235 are present in the core of the 
MTR? 

17, A reactor operates at 30,000 kw for 100 days and is then shut down. What is 
iho rate of energy release due to fission-product decay after a “cooling” period of 30 
(lays? If the reactor contains 50 tons of natural uranium, what will be the activity in 
vliries of a fuel element weighing 2.57 lb? 

18, The mass of the O! atom is 16.0000 and that of N* is 16.0107 amu. Calculate 
(4) the minimum neutron energy in Mev necessary for the reaction O(n, p)N™, and 
()) the energy in Mev of the gamma rays accompanying the beta decay of N"™ if the ° 
iWiixlmum beta-particle energy is 4.0 Mev. 

1), How long would it require after removal of a natural-uranium fuel element from 
i Weactor for 99 per cent of the uranium-239 still present to be converted to plutonium-239? 

40, Cobalt-60, half life 5.3 yr, is made by exposing a 100-gram block of cobalt-59 
(ilennity 8.9 g/cm), capture cross section 37 barns, to thermal neutrons at a flux of 
10 neutrons/(em?) (sec). What length of exposure, in days, would be necessary to attain 
Wi wotivity of 1 curie? Determine the maximum (or equilibrium) activity of the cobalt-60 
idler the given conditions. The thermal-neutron absorption cross section of the latter 
tiuy be taken to be 5 barns. (An excited state of cobalt-60 is formed to some extent, 
hil wa it decays to the ground state with a relatively short half life, it may be ignored.) 


Yt, Tellurium-135 (half life 2 min) is formed in a fractional yield of 0.056 in the fission 
of \itwnium-235; this decays to iodine-135 (half life 6.7 hr) and the latter decays to 
sHione135 (half life 9.2 hr), which is also formed directly to the extent of 0.003 in fission. 
‘Time the growth of iodine-135 and xenon-135 with time in a reactor operating at a 
Hiermal flux of 2 x 10% neutrons/(em2)(sec) and determine the equilibrium amounts 
t#lative to the number of fissionable nuclei present, the latter being assumed to remain 
Meontially constant. The thermal-neutron capture cross section for iodine-135 is 7 barns 


ji! that for xenon-135 is 3.5 x 10° barns. (Note that because of its relatively short 
ball life the tellurium-135 may be ignored and the assumption made that iodine-135 is 
jWoduced directly to the extent of 0.056 in fission.) 


Chapter III * 


REACTOR THEORY: THE STEADY STATE 





INTRODUCTION 


3.1. This chapter is mainly concerned with the derivation of mathematical 
relationships between the critical size of a nuclear reactor and the properties of 
the materials of which it is constructed. The treatment is based upon the prin- 
ciple of the conservation or balance of neutrons, outlined in Chapter I. In any 
volume element of the reactor, the rate of change of neutron density with time 
is equal to the rate of production minus the rate of absorption and the rate of 
leakage. The general equation representing the neutron balance is, therefore, 






















Production — Absorption — Leakage = gh (3.1.1) 


“at” 
where 7 is the neutron density and dn/0dt is its rate of change with time. When 
the system is at equilibrium, i.e., in a steady state, dn/dt is zero; hence the 
steady-state equation is 


Production = Absorption + Leakage. (3.1.2) 


3.2. If the reactor contains no extraneous neutron source, i.e., if the produc 
tion of neutrons is due entirely to fission, then the steady state is equivalent to 
the critical state, and equation (3.1.2) is, in a sense, the critical equation. This 
result is, of course, identical with that given in § 1.94, namely, that in a critical 
system the effective multiplication factor, i.e., the ratio of the number of neu= 
trons produced to the total number lost by absorption and leakage, is unity, 

3.3. The problem of obtaining the conditions for reactor criticality reduces 
itself to that of deriving expressions for the respective rates, i.e., of production, 
absorption, and leakage, in equation (3.1.2). The rate of absorption depends 
upon various absorption cross sections, which must be determined experimen= 
tally, and the rate of production of neutrons by fission is also obtained from 
empirical considerations. ‘Thus, if the nuclear properties of the multiplying 
system are known, the calculation of the production and absorption terms d 
not present any special difficulties. 

* Reviewed by M. C, Edlund, 
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3.4. The determination of leakage, on the other hand, is not quite such a 
simple matter, although, it is of interest to note, the problem is one of classical 
mechanics rather than of nuclear physics. Leakage arises from the fact that 
neutrons are in motion; consequently more neutrons will, on the average, leave 
the reactor, where the neutron density (or concentration) is high, than will 
return to it from the surrounding space, where the density is low. In actual 
practice the neutron motion is affected by collisions with atomic nuclei which 
cause scattering to occur; this plays a major role in neutron diffusion upon which 
the calculation of leakage is based. 

3.5. Neutrons undergo elastic scattering collisions with all nuclei and, as a 
result, a typical neutron trajectory consists of a number of straight path ele- 
ments (see Fig. 3.1) joining the points (nuclei) where the neutron suffered scat- 
(ering collisions. These are the scattering e e e e 
free paths of which the average is the scat- 
(ering mean free path (cf. § 2.122). After 
4. scattering collision the direction in which 
the neutron travels is not known exactly, but 
ii can be given in terms of a probability dis- 
tribution. However, when a large number 
of neutrons are considered, there is always 
ft) net movement of neutrons from regions 
of higher to those of lower neutron density. 
‘The rate at which this motion, referred to e e e e e 





- twidiffusion, occurs can then be determined, to 


Fig. 3.1. Elastic scattering of neu- 


4 first approximation, by means of simple and prone by ‘ndelel an a eolid median 


familiar laws. 

5.6. In a reactor, the neutrons produced in fission are fast, and in an inter- 
mediate or thermal reactor they are subsequently slowed down by collisions 
with the nuclei of a moderator. During the slowing down process, the neutrons 
inny suffer resonance capture or they may leak out. In a thermal reactor, the 
(hermal neutrons diffuse for a time until they are either absorbed or escape. For 
purposes of theoretical treatment it is convenient to divide the problem into a 
Humber of parts. 

4.7. The diffusion of monoenergetic neutrons, for which elastic scattering 
ocurs without net energy loss, is discussed first. This represents a good 
Approximation to the behavior of thermal neutrons in a weakly absorbing 
medium, where the Maxwell-Boltzmann distribution is maintained (§ 2.106). 
Next a general outline of the mechanics of elastic collisions will be given, so as 
(0 determine the energy loss suffered in a scattering collision. Then the prob- 
lem of slowing down in a medium in which fast neutrons are being produced 
sontinuously will be divided into two parts. In the first place, consideration 
will be given to the distribution of neutrons as a function of energy, irrespective 
of their position, Subsequently, the spatial distribution of the neutrons, as a 
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result of diffusion during slowing down, will be considered. By combining the 
results, the characteristic equation for a critical reactor will be derived. 


THE DIFFUSION OF NEUTRONS 


TRANSPORT THEORY 


3.8. Neutron diffusion is, in some aspects, simpler than gaseous diffusion. 
Because of the extremely small density of neutrons in nuclear reactors, collisions 
between neutrons are rare.* Virtually all collisions leading to diffusion are 
consequently those between neutrons and the essentially stationary nuclei of 
the medium. In this respect, therefore, the phenomenon of neutron diffusion 
bears a greater resemblance to the diffusion of electrons in a metal than to 
gaseous diffusion. The rigorous treatment of neutron diffusion is, neverthe- 
less, quite analogous to that used by Boltzmann in his classical studies of gaseous 
diffusion. 

3.9. The method of approach is to consider a small volume element located 
at a certain point in the system, and to derive expressions for the various ways 
in which neutrons having a given velocity and moving in a specified direction, 
ie., having a given velocity vector, enter and leave this volume element. Fo 
the steady state the algebraic sum of these expressions is equated to zero, and 
there is then obtained a complicated integro-differential equation, usually 
ferred to as the (Boltzmann) transport equation. Even if detailed cross se¢= 
tions appearing in this equation were available, a complete solution would be 
prohibitively difficult and tedious in most cases. Therefore, certain approxime 
tions are made which lead to considerable simplification. 

3.10. A reactor is a complex system, involving fuel material, which may con= 
sist only partly of fissionable elements, cladding of the fuel elements, coolant 
structure, etc. It is thus almost impossible to describe the nuclear and othe 
properties completely. Criticality calculations cannot be relied upon, there 
fore, to give more than an approximate indication of what is to be expected, but 
the results can be used as a guide to the design of experiments from which mo: 
precise data can be obtained. 


Dirrusion THrory APPROXIMATION 


3.11. In the treatment of the transport equation, a simplification is achieve 
by supposing that all the neutrons have the same velocity (or energy) and thai 
scattering collisions with nuclei do not involve any change of energy. Thes 
conditions apply, with a good degree of approximation, to neutrons in therma 
equilibrium with a weakly absorbing medium, provided the cross sections used 
are properly averaged values (§ 2.128). Further, if the angular distribution 6 
the neutron velocity vectors is independent of position, as it probably will b 
in regions that are more than about two scattering mean free paths distant fron 

* For the equivalent “neutron gas pressure,” see Chapter IT, Problem 10, 
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sources, strong absorbers, or boundaries, the transport equation for monoener- 
getic neutrons, which are scattered without energy loss, reduces to the so-called 
diffusion theory approximation. The results are widely used in the theoretical 
treatment of thermal reactors. 

3.12. According to the diffusion theory approximation, as applied to neutrons, 
the quantity whose gradient determines the net rate of neutron flow is the 
neutron density. The familiar Fick’s law of diffusion, for monoenergetic neu- 
trons, can consequently be written as 


J= (3.12.1) 


where the neutron current vector J is the net number of neutrons flowing in a 
given direction in unit time through a unit area normal to the direction of flow; 
n, as before, is the neutron density, i.e., the number of neutrons per unit vol- 
ume, at the point where J is observed, and Dy is the diffusion coefficient. 

3.13. For the subsequent treatment it is more convenient to use the neutron 
flux rather than the neutron density. Since the flux ¢ is equal to nv, where »v is 
(he (constant) neutron velocity, equation (3.12.1) can be modified to give 


J= (3.13.1) 


where D is equal to Do/v. The diffusion coefficient D for neutron flux, generally 
referred to merely as the diffusion coefficient, has the dimension of length; this 
follows from the fact that J and ¢ have the same dimensions.* 

3.14. For a medium in which the absorption of neutrons is relatively weak, it 


— Dp grad n, 


—D grad ¢, 


~ wan be shown from transport theory that, under conditions that the diffusion 


(pproximation is valid, the diffusion coefficient is given by 
1 d 
D = —-— = —— **— 
aE,(1 — Ma) 3(1 — fh)’ 
where 5, is the total macroscopic scattering cross section of the medium for the 
monoenergetic neutrons, \, is the scattering mean free path (=1/Z,), and fi is 


ihe average cosine of the neutron scattering angle per collision in the laboratory 


wystem.{ The quantity 1/2.(1 — mo) or A./(1 — Mo) is called the transport 
moan free path and is denoted by );; thus, 


cee EA 
~ 2x(1 — Mo) = =1— Bo 


wo that, from equation (3.14.1), 


(3.14.1) 


rN 





(3.14.2) 


D=)?. (3.14.3) 


* Hoth neutron current (J) and the flux (¢) are usually expressed as neutrons per cm? 


jr woo; it should be noted, however, that the current is a vector, i.e., it involves direction. 
Whereas the flux is a sealar quantity. 


{ or a doseription of neutron collision in the laboratory and center of mass systems, see 


HAG, of weg. 
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3.15. It may be noted that, if the scattering were isotropic, i.e., spherically 
symmetric, in the laboratory system, the average cosine, fio, of the scattering 
angle would be zero, and , would be identical with \;. The factor 1/(1 — fp), 
which may be regarded as the correction for anisotropic scattering, represents 
the preferential scattering in the forward direction, i.e., in the initial direction 
of motion of the neutron before collision with a nucleus. In general, ji de- 
creases with increasing mass of the struck nucleus, i.e., the tendency toward 
anisotropic scattering decreases. Hence, for heavy nuclei, the factor 1/(1 — ji) 


approaches unity and the scattering and transport mean free paths are not very — 


different. 

3.16. Returning to equation (3.13.1), it follows that since the vector J gives 
the number of neutrons flowing through unit area per second, in a given direc- 
tion, the divergence (div) of this vector will represent the net number of neu- 
trons leaving unit volume per second. This quantity is the rate of neutron 
leakage at the given point in the system where the flux is ¢; thus, according to 
diffusion theory, 


Neutron leakage per cm’ per sec = —div D grad ¢ 


= —DV*4, (3.16.1) 


where V? is the Laplacian operator. This may be expressed in various coordi-. 
nates as follows: 


Rectangular coordinates 





aa ge ge 
v= oe + aye? oat (3.16.2) 
Spherical coordinates 
2 0 1 oO 0 1 0? 
vw=o4+.5 aoe ee 
3 3 rar! Pain’ | 30 oo (sin y a) Titsintg ae (316 
Cylindrical coordinates 
£ 0 1 @ cam 
v2 = — = — a ees 
7 at rar tt amt od Oa 
Tue Dirrusion EQuaTION 
3.17. For convenience, equation (3.1.1) may be rewritten as 
—Leakage — Absorption + Production = on; (3.17.1) 


ot 


where the various terms on the left refer to rates per cm? per sec, and n is the 
neutron density expressed as neutrons per cm*. The first term on the left of 
equation (3.17.1) is given by equation (3.16.1) as DV’, the two negative signs 
leading to a positive sign. The second term can be derived from equation 
(2,121.2) and is accordingly 24, where 2, is the macroscopic absorption cross 
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section for the monoenergetic (or thermal) neutrons. Upon making these sub- 
stitutions, equation (3.17.1) becomes 


DV — Se + 8 = (3.17.2) 


where S, called the source term, is the rate of production of neutrons per cm* per 
sec. This expression, generally referred to as the diffusion equation, is basic to 
thermal reactor theory. In view of its derivation, it is strictly applicable only 
to monoenergetic neutrons and then only at distances greater than two or three 
mean free paths from strong sources, absorbers, or boundaries (cf. §3.11). It 
will be applied here to thermal neutrons in particular; this is justifiable, pro- 
vided the medium does not absorb neutrons strongly. 


Dirrusion EqQuaTION IN NoNMULTIPLYING MEDIUM 


3.18. For a system in the steady state dn/dt is zero, and so the diffusion equa- 


tion then becomes 
DV) — 2.6 + S = 0. (3.18.1) 


In a nonmultiplying medium, ie., one containing no fissionable material, the 
source term is zero everywhere except at the position of the neutron source. 
The differential equation (3.18.1) can be solved, with S = 0 for points outside 
the source region, and then the proper boundary conditions are applied at the 
source, as will be illustrated below. If S is set equal to zero, the steady-state 
diffusion equation (3.18.1) reduces to the homogeneous form applicable any- 
where except at the source; thus, 


DV — 2.6 = 0 (3.18.2) 
or 
Vig — 2b = 0, (3.18.3) 
where 
ea 24. (3.18.4) 
D 


Mince S, has the dimensions of reciprocal length (§ 2.112) and D of length, « is a 
reciprocal length. 


SoLuTION or THE DirrusION EquaTIon: BounDARY CONDITIONS 


4.19. The solution of the diffusion equation (3.18.3) will give the space dis- 
ivibution of the neutron flux at a steady state in a nonmultiplying medium at 
points other than the source. Since the diffusion equation is a differential equa- 
tion, it does not provide a complete representation of the physical situation. 
‘Tho general solution will contain arbitrary constants of integration, and, in order 
io determine the proper values for these constants, it is necessary to apply restric- 
(ions upon the permitted solutions in the form of boundary conditions derived 
from the physical nature of the problem. The number of these boundary con- 
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Pa . P ; ; : ; j 8.24] REACTOR THEORY: THE STEADY STATE 
ditions must be sufficient to provide a unique solution, with no arbitrary con- 

stants. Some of the boundary conditions which are frequently used in the 
solution of neutron distribution problems are examined in the following para- 
graphs. 

3.20. It is to be expected that at the boundary between two different media 
there should be continuity of both neutron flux and neutron current. Thus, 
assuming monoenergetic (or thermal) neutrons, one simple boundary condition 
is the following: At an interface between two media, with different diffusion proper- 
ties, the neutron flux will be the same in both media. If the media are indicated 
by the symbols A and B, then 


139 
to diffusion theory these are given by 
Lae lee 


4 2 dz 
and 
¢,D dp —~ 
J_o= 54+. 
2 dz 
for the components in the z-direction. The difference between these two com- 
ponents gives the net current, in agreement with equation (3.21.1). In the 


vase under consideration, i.e., at the medium-vacuum boundary, the negative 
vomponent of the neutron current is zero, so that 


bo, D dg 
JomGty. a m0. (3.23.1) 


(¢a)o = (¢3)o, (3.20.1) 


the zero subscript being used to indicate that the values apply at the interface. 

3.21. Since the neutron current is a vector, the continuity condition requir 
continuity of each of its components. If the neutron depends only on a singl 
Cartesian coordinate, z, the boundaries must be planes normal to the direction 
of x, and the current boundary condition takes the form: At a plane interf 
between two media, with different diffusion properties, the net neutron currents, 4 
the direction normal to the interface, are equal. The neutron current in t 
x-direction is given by equation (3.13.1) as 


‘The flux ¢o at the boundary is positive, and so it follows from equation (3.23. 1) 


that the slope d$o/da of the flux distribution must be negative at the boundary, 
is indicated schematically in Fig. 3.2. 


_ _pja 3.214 
J: = Da ( 


so that the condition for continuity of current at the boundary may be written 


doa doz 

_Ds (4 © ), —,- = ‘e ). (3.21.2 

This result will hold at a spherical or infinite cylindrical interface as well as at 
plane, the x-direction being the one for which the flux is independent of angl 
3.22. It should be noted that equation (3.21.2) implies that diffusion theo 
can be used at the boundary between the two media. Although this is actuall 
not so, it has nevertheless been shown from transport theory that the equatior 
represents a reasonably good approximation to the exact boundary condition 





MEDIUM 


Nia, 8.2, Extrapolation of neutron flux at a plane interface between diffusion medium 


Tur Linear ExrrapoiaTION DisTaNcE and a vacuum 

3.23. At the boundary between a diffusion medium and a vacuum differen} 
circumstances exist, since there is no scattering back of neutrons from 
vacuum into the diffusion medium. In other words, there is a flow of neutro 
in one direction only. The boundary condition is now as follows: Near 
boundary between a diffusion medium and a vacuum the neutron flux varies in 
a manner that linear extrapolation would require the flux to vanish at a defi 
distance beyond the boundary. In general, the net neutron current represen 
the balance between currents in the positive and negative directions; accord 


4,24, If the neutron flux is extrapolated into the vacuum, using a straight line 


With the same slope as at the boundary, i.e., d¢p/dz, the flux would vanish at a 
iistance d given by 


0 _, Uo, 
d ~ de 


DVonsequently, by equation (3.23.1), 


d = 2D (3.24.1) 
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or, since D = 4Nz, by equation (3.14.3), 


= 2), 


(3.24.2) 


This distance is called the linear extrapolation distance or, sometimes, the aug- 
mentation distance. On the basis of linear extrapolation, therefore, the neutron 
flux should vanish at a distance of ?\; beyond the plane boundary between a 
diffusion medium and a vacuum. This boundary condition is sometimes stated 
in the form: the neutron flux vanishes at the extrapolated boundary, which lies 
2), (or 2D) beyond the physical boundary in the case of a plane interface. 

3.25. Since the diffusion theory approximation breaks down near a boundary, 
it is to be expected that the linear extrapolation distance obtained above i 
incorrect. According to the more exact transport theory treatment, the linear 
extrapolation distance at a plane surface of a weakly absorbing medium is 
0.7104,, rather than 3A; In order to improve the results, therefore, the extra- 
polated boundary, when using diffusion theory, is taken to be 0.71); beyond th 
actual plane boundary between a diffusion medium and a vacuum. The extr 
polation distance is somewhat greater for curved than for plane surfaces. Fo: 
a boundary of infinite curvature, i.e., of zero radius, this distance attains i 
maximum value of $1. 

3.26. It is important to realize, in postulating that the neutron flux vanish 
at the extrapolated boundary, there is no implication, either from transpo 
theory or diffusion theory, that the flux is actually zero there. The concept 
the hypothetical boundary where the flux vanishes, as a result of linear extrapo 








TRANSPORT THEORY 
(ASYMPTOTIC) 


TRANSPORT 
THEORY 
(ACTUAL) 


MEDIUM 


Fig. 3.8. Transport theory and diffusion theory extrapolations at a boundary 


tion, is merely a convenient mathematical device used to obtain a simp 
boundary condition. Some indication of the actual state of affairs may 
obtained with the aid of Fig. 3.8, which represents qualitatively the flux 
tribution in the z-direction near a medium-vacuum interface. 
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3.27. It is seen that the actual (or transport theory) flux undergoes a sharp 
decrease within a mean free path or so of the interface. Hence, in order that 
the boundary condition under consideration may be used in conjunction with 
diffusion theory to determine the neutron flux distribution at reasonable dis- 
lances from the interface, a so-called asymptotic linear extrapolation of the 
transport theory distribution is made from the values not too near the boundary. 
The use of the resulting extrapolation distance of 0.71\, (or about 2.2D) for a 
plane interface, together with diffusion theory, provides a satisfactory approxi- 
mation for the behavior at points in the medium more distant than a transport 
mean free path from the interface. 


DiFrFusion oF MoNoENERGETIC NEUTRONS FROM A Point SourcE 


3.28. The procedure for solving the diffusion equation in a simple case will 
be illustrated by reference to the diffusion of monoenergetic neutrons from a 
point source into an infinite nonmultiplying medium. The result is of interest 
because it provides a physical interpretation of the quantity « in equation 
(8.18.3) or, rather, of its reciprocal called the diffusion length (§ 3.34). 

3.29. For convenience, the point source of neutrons, in the infinite medium, 
in assumed to be located at the origin of the coordinate system; the neutron 
(distribution may then be regarded as having spherical symmetry. The Lapla- 
(ian operator in equation (8.18.3) may thus be expressed in spherical coordinates 
with terms involving d@ and dy equal to zero; using equation (3.16.3), the 
nource-free diffusion equation for the flux distribution becomes 


Mp 2 db _ a, 

a + 3 ae 0, (3.29.1) 
where r is the distance from the point source. This equation may be readily 
solved by setting ¢ = y/r, when it reduces to 

d? 
— ry = 0. 


Mince x? is a positive quantity, as can be seen from equation (3.18.4), the general 
solution is 

y = Ae + Ce, 
mid hence 


gr) =A 405, (3.29.2) 
the constants A and C being determined by the boundary conditions.* 

4,40, If C is not zero, then it is evident from equation (3.29.2) that the neutron 
fix would become infinite as r — ©. Since the flux must always be finite, it 


follows that C must be zero, so that the general solution of equation (3.29.1) 


* Hoonuse 2 has a special significance in reactor theory (§ 3.108), it is not used here as an 
sibrary constant, : 
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applicable to the preseat case reduces to 


g(r) = A < (3.30.1) 

3.31. In order to evaluate A use is made of what is called the source condition. 
If J is the neutron current density at the surface of a sphere of radius r, with the 
source at the center, then the total number of neutrons passing through the 
whole of the surface pe: second will be 4ar?J._'The limiting value of this number 
as r approaches zero will then be equal to the source strength Q neutrons/see, 
i.e., to the number of neutrons emitted by the point source in all directions per 
second. The neutron current at a point distant r from the source is given by 
equations (3.13.1) and (3.30.1) as 


ete os dp _ — Kr | as .. 
J= Da, = DAe (+) 





Consequently, from th2 foregoing argument, 
Q = lim 4rrJ 
r—>0 
= lim 4ar°DAc-” (A) 
r—0 
and hence 


sae es 





4rD 
Equation (3.30.1) for the flux distribution accordingly becomes 
4 = 
eS 4nD° or’ 


which is the required solution of the diffusion equation. 


Tue Dirrusion LENGTH 


3.32. From this result it is possible to derive an expression for the me 
distance traveled by a neutron from its source to the point at which it is a 
sorbed. However, instead of treating the first spatial moment of the flux, 4 
would be required in this case, it is preferable, in view of later developments, 
consider the second spatial moment. The volume of a spherical shell eleme 
of radius r and thickness dr surrounding the point source is 4mr’dr. Since 2 
gives the number of neutrons absorbed per cm’ per sec, in a region of flux ¢ an 
macroscopic absorption cross section Za, it follows that the rate of neuti 
absorption in the sphecical shell is 4ar’drZ.@ neutrons/sec. This is a measu 
of the probability that a neutron leaving the source, at the center of the shi 
will be absorbed within the element dr at a distance r from the source. ¢ 


3.33. Hence, the mean square (net vector) distance, Pr, which a neu 
travels from its source to where it is absorbed, is given by 
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fo P(Amr'Zap) dr 
~ f = 4ar-Z ah dr 
Upon substituting the value for ¢ given by equation (3.31.1), this becomes 


r aS 


- f ree dr 

0 
3.34. A quantity called the diffusion length, represented by L, is defined by 
Dp 24 


bearing in mind the definition of « as given by equation (3.18.4). It follows, 
therefore, from equation (3.33.1) that 


(3.33.1) 


(3.34.1) 


BP = }, (8.34.2) 
and so the square of the diffusion length is equal to one sixth of the mean square 
(net vector) distance that a monoenergetic neutron travels from its source to 
(he point at which it is absorbed by a nucleus.* 

3.35. Although the foregoing derivations are applicable strictly to mono- 
#nergetic neutrons, they can be used for thermal neutrons in a weakly absorbing 
medium, provided properly averaged values of D and 2, are used (cf. § 2.128). 
I a reactor where the thermal neutrons are produced by the slowing down of 
fant neutrons, L? will be one sixth of the mean square (net vector) distance from 
(he point at which a neutron becomes thermal to that at which it is absorbed. 

3.36. The diffusion length of thermal neutrons in a nonmultiplying medium, 
wich as a moderator (§ 1.56), can be determined experimentally by placing a 
yoctangular block of the material over a uniform thermal-neutron source and 
(hen investigating, e.g., by the activation method (§ 2.203), the distribution of 
jeutron flux within the block. Solution of the appropriate form of the diffusion 
uation gives the flux distribution in terms of x (or 1/Z*) and the dimensions 
of the block. If the latter are known, the value of the diffusion length can then 
hw calculated from the experimentally observed distribution. t 

3.37. The measured values of the diffusion length, L, of thermal neutrons in 
four important, moderating materials, namely, ordinary water, heavy water, f 
hwryllium, and carbon (graphite), are recorded in Table 3.1. The macroscopic 


*'Tho net vector distance considered here differs from the absorption mean free path of the 
joutrons in the respect that the latter is the corresponding total scalar distance traveled by 
the neutron, 

{ Kor details of the theory and calculations, see 8. Glasstone and M. C. Edlund, ‘The 
Wements of Nuclear Reactor Theory,” D. Van Nostrand Co. Inc., 1952, § 5.67, et seq. 

1 It should be noted that the properties of heavy water given here and later in this chapter 
yoler to the commercial product containing 99.75 per cent of deuterium oxide (D0). 
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TABLE 3.1. DIFFUSION PROPERTIES OF MODERATORS FOR THERMAL NEUTRONS 









Density 





Moderator (g/cm3) (cm) (cm=) (cm) 
Water 1.00 2.88 0.022 
Heavy water (99.75% D.O) 1.10 100 0.000085 0.85 
Beryllium 1.84 23.6 0.0011 0.61 
Carbon (graphite) 1.62 50.0 0.00037 0.92 




















absorption cross sections, 2., for these substances are also given, as well as th 
diffusion coefficients, D, obtained from L and 3, by equation (3.34.1). Th 
diffusion properties of a given material depend on its density and so this i 
quoted in each case. The transport mean free path X, is equal to 3D, by equ. 
tion (3.14.3), and the absorption mean free path ), is equal to 1 [Za 

3.38. Some alternative relationships between the diffusion length and othe 
properties of the medium are obtained by replacing D in equation (3.34.1) b 
3A and 2 by 1/Aq; the result is 


L=Viv\,. 
For substances of high mass number A, is not very different from As, as Stated 1 
§ 3.15; then 
LeViAu 
or, reconverting to macroscopic cross sections, 
here, 
V32,20 


INFINITE PLANE Source iN Meprium or Fintre THIckNess 


(3.38.1 


3.39. Another case in which the solution of the diffusion equation is of so: 
interest is that in which monoenergetic (or thermal) neutrons from an infini 
plane source diffuse into a nonmultiplying medium consisting of a slab of infini 
extent but of finite thickness (Fig. 3.4). The situation here has some similari 
ties to that of a reactor (neutron source) surrounded by a reflector (diffusio 
medium). 

3.40. The coordinate system is chosen so that the source plane coincides wi 
the plane for which z = 0 at all points. Since the source is assumed to 
infinite in extent, it is evident that, for any given value of x, the neutron flux 
will be independent of y and z. The Laplacian operator in rectangular coordi« 
nates, from equation (3.16.2), is now merely d?/dz?; and so the diffusion equ 
tion (3.18.3) in the present case is 
Pp 


ax? me, Kp = 0, 


(3.40.1 
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where, as before, « is the reciprocal of the diffusion length in the medium. The 
general solution of equation (3.40.1), since x is a positive quantity, is 


g(a) = Ae~™ + Ce”, 


where A and C are constants to be determined by the boundary conditions. 
3.41. In order to evaluate C use is made of the boundary condition that the 
flux shall vanish at the hypothetical extrapolated boundary (§ 3.23), whereas A 
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Fic. 3.4. Neutron flux distribution for plane source in finite medium 


is derived from the source condition by a procedure analogous to that described 
in §3.31. The result for the flux distribution in a medium of finite thickness, 
from a source of Q neutrons/(cm?) (sec), is 


sinh [x(a — 2)] 


xD cosh (xa) Q; 


where a is the thickness of the medium, including the extrapolation distance. 
3.42. Some idea of the effect of the thickness of the diffusion medium on the 
(lux distribution may be obtained from Fig. 3.5 in which ¢/Q is plotted as a 
function of the distance x from a plane source in various thicknesses of graphite, 
humely, xa equal to 1, 2, 3, and infinity, respectively.* The value of K(= 1/L) 
jn 0,020 em=! and D is 0.92 em (Table 3.1). Since xa is equal to a/L, it gives 
(ho thickness of the medium in terms of the diffusion length; thus the curves in 
I'ip, 8.5 are for thicknesses of one, two, and three diffusion lengths and infinity. 
4.43. It is seen that when xa is 3, i.e., when the extrapolated thickness of the 
medium is three times the diffusion length for the particular monoenergetic (or 
thermal) neutrons, the flux distribution of these neutrons is not greatly different 


* Mince equation (3,41,1) does not apply at the source itself, the curves are not extended 
wu 0, f 


(x) = (3.41.1) 




































146 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING 


[3.43 


from that in an infinite medium, except near the boundary. Even when xa 
is 2, the difference from the infinite medium distribution is not large, at distances 
greater than a diffusion length from the boundary, i.e., for x < 50 cm in Fig. 
3.5. These results are quite general, for xa, i.e., the thickness of the medium 
in terms of the diffusion length, is the important property in determining how 
the neutron flux falls off with distance from a plane source. Thus, when the 
thickness of a medium is two or more times the diffusion length, it may be 
treated as an infinite medium, at distances greater than a diffusion length or so 
from the boundary. This conclusion has an important bearing on the choice of 
thickness of the reflector for a reactor (§ 3.214). There is little to be gained by 
having the reflector more than two diffusion lengths in thickness. 
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Fic. 3.5. Neutron flux distribution for media of different thicknesses 


3.44. A consideration of the physical interpretation of these results is of im 
terest. In the infinite medium there is no loss of neutrons, but in slabs of finite 
thickness neutrons will leak out at the boundary. If the thickness is three 
more times the diffusion length, most of the neutrons are scattered back befo' 
they reach the boundary and the leakage is very small. For slabs of lesser thick« 
ness there is a greater loss of neutrons and consequently a more rapid falling 
of the flux near the boundary. ‘This effect is very marked when the thickn 
(including the extrapolation distance) is equal to the diffusion length, i.e., wh 
ka = 1, or less, A relatively small proportion only of the neutrons are scatte 
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back before they reach the boundary, and there is consequently a marked de- 
crease in the flux as compared with media of greater thickness. 


THE SLOWING DOWN OF NEUTRONS 


THe MercnHanics oF ELAstic SCATTERING 


3.45. The slowing down of fast neutrons is due almost entirely to elastic scat- 
(ering collisions between the neutrons and the nuclei of the moderator.* Such 
collisions can be treated by the methods of classical mechanics, assuming the 
neutrons and scattering nuclei to behave as perfectly elastic spheres. By apply- 
ing the principles of conservation of momentum and of energy, it is possible to 
derive a relationship between the scattering angle and the energy of the neutron 
before and after collision with a nucleus. Upon introducing an empirical scat- 
toring law, various useful results can be obtained. 

3.46. In considering scattering collisions, two convenient frames of reference 
are used; these are the laboratory (L) system and the center of mass (C) system. 
In the former, the scattering nucleus is assumed to be at rest before the collision, 
whereas in the latter the center of mass of the neutron + nucleus is taken to 
ho stationary in the collision. In the L system the viewpoint is essentially that 
of an external observer, but in the C system it is that of an observer who is lo- 
wated at the center of mass of the neutron + nucleus. For purposes of theo- 
j@lical treatment the C system is simpler, although actual measurements are 
made in the L system. T 

3.47. The conditions before and after a collision, as represented in the two 
tyetems, are shown in Fig. 3.6. The neutron, having a mass of unity on the 
wonventional atomic mass scale, moves with a speed 1 relative to the nucleus 
of mass number A. Since the target nucleus is stationary in the L system, the 


L SYSTEM 
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2 
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oe ai: 
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lia, 8.6. Neutron scattering in laboratory (L) and center of mass (C) systems 


* Inelastic scattering is neglected here since it is important only for neutron energies greater 


than about 0.1 Mev for elements of high mass number and about 1 Mev for those of low 
Hien Humber (§ 2,100), 


1 Thin in true, provided the neutron energy is appreciably greater than the vibrational 


of the ee atom; the nucleus may then be regarded as stationary with respect 
the neutron, 
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momentum 2 of the neutron is also the total momentum. The total mass of 
the colliding particles is A + 1, and consequently the speed vm of the center of 
mass in the L system is given by 

at U1 a 
~Atd1 
In the C system, the velocity of the neutron before collision is v1; — vm, and, using 
the value of v,, just derived, it follows that 


WU Um = Ay e 
™"~At+1 

3.48. It is seen, therefore, that in the C system the neutron and scattering nu- 
cleus appear to be moving toward one another with velocities of Avi/(A + 1) and 
1/(A + 1), respectively. The momentum of the neutron (mass unity) is con- 
sequently Av:/(A + 1), while that of the nucleus (mass A) is also Av:/(A + 1), 
but in the opposite direction. The total momentum before collision, with re- 
spect to the center of mass, is then zero, and by the principle of the conservatio 
of momentum it must also be zero after the collision. 

3.49. Following the collision, the neutron in the C system leaves in the diree- 
tion making an angle 6 with its original direction; this is the scattering angl 
in the C system. The recoil nucleus must then move in the opposite direction 
since the center of mass is always on the line joining the two particles. If 9 
is the speed of the neutron and v, that of the nucleus after collision, in the G 


system, then the requirement that the total momentum shall be zero is expre 
by 





Un (3.47.1) 





(3.47.2) 


Ve = Avp. 


(3.49.1 

3.50. The speeds of the neutron and nucleus before collision in the C syste 
are given by equations (3.47.2) and (3.47.1), respectively, as seen above, 
The conservation of energy condition may therefore be written as 


i agers a a a 
a3 a8 i) + 34(q oi i) mg gare 
where the left side gives the total kinetic energy before collision and the right 


side is that after collision. Upon solving equations (3.49.1) and (3.50.1) for Ug 
and vs, it is found that 








(3.50.1) 








_ _Any fe aio 
%=A41 and %= Tay 


Comparison of these values with equations (3.47.2) and (3.47.1), respectively. 
shows that, in the C system, the speeds of the neutron and nucleus after collisio’ 
are the same as the respective values before collision. 

3.51. In order to determine the loss of kinetic energy of the neutron upon cob 
sion with an essentially stationary nucleus, it is necessary to transform 
results obtained for the C system back to the L system. ‘To perform this tr: 


(3.50.2) 
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formation, use is made of the fact that the two systems must always move rela- 
tive to one another with the velocity (v,) of the center of mass in the L system. 
Hence, the final velocity of the neutron after collision, in the L system, is ob- 
tained by adding the vector (v,,) representing the motion of the center of mass in 
the L system to the vector (va) indicating the velocity of the neutron after col- 
lision in the C system. This vector addi- 
(ion is shown in Fig. 3.7, the angle between 
the vectors being 6, the scattering angle in 
the C system. 

3.52. If v, is the velocity of the neutron 
after collision in the L system, then by the 
law of cosines 





/ INITIAL DIRECTION 
a al 


Vo? = Um? + Va" + Wma COS A. i OF NEUTRON 
Introducing the values of vm and va given 
by equations (3.47.1) and (3.50.2), respec- 


tively, the result is 


Fig. 3.7. Transformation from 
C to L systems 


A? + 2A cos@+1. 
(A + 1)? 
‘I'he angle y between the vectors v: and v,, is the scattering angle in the L system. 


|, is the average value of the cosine of this angle for a large number of scatterings, 
i0,, cos y, which was represented by fi in § 3.14. 


ve = vz 


(3.52.1) 





ENERGY CHANGE IN SCATTERING 


3.53. The kinetic energy F, of the neutron before a collision is }mv,2, and the 
energy , after the collision is }mve?; hence, the ratio of the neutron energy after 
wollision to that before collision is given by equation (3.52.1) as 


Ey ve (A + 1)? : 


(he assumption being made here, and subsequently, that the laboratory system, 
with an essentially stationary nucleus, represents the actual scattering condi- 
tions. If a quantity a, which is a property of the scattering nucleus related to 


iis mass, is defined by 
e"\A+1 


$[(1 + a) + (1 — a) cos 6]. 


(3.53.2) 
then equation (3.53.1) becomes 


Hy 


On 


(3.53.3) 


4.84, The maximum value of the ratio 2,/1,, i.e., the minimum loss of energy 


ii 4 collision, occurs when-@ 0, i.e., for a glancing collision; then cos @ is unity, 
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and equation (3.53.3) gives 


Em 
“Ee or Emax = Fj. 


(3.54.1 
In this event, the energies of the neutron before and after scattering are equal 
and the neutron suffers no energy loss in the collision. The minimum value of 
E,/E\, i.e., the maximum possible energy transfer, occurs, on the other hand, 
when 6 = 7, i.e., in a head-on collision. The value of cos @ is now —1, and from 
equation (3.53.3), 


EE min 


=a, or Emin = ah. 


7 (3.54.2) 


The minimum value of the energy to which a neutron can be reduced in an elasti¢ 
scattering collision is therefore aH, where EF, is the energy before the collision, 
The maximum fractional loss of energy in a collision is given by 
Ey pa Emin 

E; 


=1-a, (3.54.8 
and the actual maximum possible energy loss in a collision is £,(1 — a). ’ 
3.55. Since, by equation (3.53.2), the quantity a is related to the mass numbe 
of the target nucleus, it is evident that the loss of energy suffered by a neutrot 
in a collision will also depend on the mass number. For hydrogen, A = 1 an 
soa = 0; it is, consequently, possible for a neutron to lose all of its kinetic energ) 
in one collision with a hydrogen nucleus. This arises, of course, because th 
masses of the neutron and the hydrogen nucleus (proton) are essentially eq 
For carbon A = 12 and a = 0.716; hence, the maximum possible fractional los 
of energy of a neutron in a collision with a carbon nucleus is 1 — 0.716 = 0.284 


EMPIRICAL SCATTERING LAW 


3.56. Equation (3.53.3) gives the relationship between the energy ratio H/ 
and the scattering angle @ in the C system, but derivation of an expression 
the average energy change in a collision requires the introduction of a scatter 
law, i.e., a postulate concerning the probability of various scattering angles. 
periments indicate that the scattering of neutrons with energies of less than a 
Mey is spherically symmetric, i.e., isotropic, in the C system. In other words 
it appears from experiment that all values of cos @ from —1 to +1 are equall} 
probable. This empirical scattering law will be postulated as the basis of the 
subsequent treatment. 

3.57. Although scattering may be spherically symmetric in the C system it 
will not be so in the L system unless the mass of the scattering nucleus is i 
compared to the mass of the neutron. If this is the case, the center of mime 
of the system is located virtually at the nucleus, and the L system becomes 6 
sentially identical with the C system. The same conclusion may be reach 
in another manner. It can be readily shown from Fig, 3.7 that 
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Acosé@+1 


ee SE OB CAE ee (3.57.1) 
ee V A2 + 2A cos6 + 1 


where y and @ are the scattering angles in the L and C systems respectively. 
lor a heavy nucleus, A > 1, and then cos y — cos 6, so that the scattering angle 
in the L system approaches that in the C system. Therefore, if scattering is 
spherically symmetric in the latter, it will also be so in the former. 

3.58. The average cosine of the scattering angle in the L system, ie., fio, is 
given by 


f" cos y dQ 
Mo = 


*" 10 
0 


where dQ is an element of solid angle. Transforming the variable to 6, i.e., 
dQ = 2 sin 6 dé, and introducing equation (3.57.1) for cos y, based on isotropic 
scattering in the C system, it is found that 


2 
ee 3.58.1 
Ko 3A ( ) 


‘hus fo decreases with increasing mass of the scattering nucleus as stated earlier. 


Tue AveRAGE LoGaritHMic ENERGY DECREMENT 


3.59. Instead of calculating the average energy change in an elastic scattering 
vollision, a more useful quantity in the study of the slowing down of neutrons is 
(he average value of the decrease in the natural logarithm of the neutron energy 
por collision, or the average logarithmic energy decrement per collision. It is the 
average for all collisions of In Z, — In Fp, i.e., of In (#i1/E2), where H, is the energy 
of the neutron before and £2 is that after a collision. If this quantity is repre- 
wonted by the symbol £ then, taking into consideration the equal probability of 
all values of cos 6 from —1 to 1, it follows that 


Th, i nZ 3 d (cos 6) 
t=In= = ? 


= Inj, . 
d (cos @) 
-1 


Whore the integration limits refer to cos 6. Upon substituting the expression 
for /y/E, from equation (3.53.1), it is found that 


A. = n4at 


ov, using the definition of a from equation (3.53.2), 





be1+7t na. (3.59.1) 








152 PRINCIPLES OF NUCLEAR REACTOR ENGIN EERING [3.59 


For values of A in excess of 10, a good imati i 
aie , ag approximation to equation (3.59.1) may 


i a oe 
Ex a4t (8.59.2) 
Even for A = 2, the error of equation (3.59.2) is only 3.3 per cent. 

3.60. It will be seen from equation (3.59.1) that the value of ¢ is independent 
of the initial energy of the neutron, provided scattering is symmetrical in th 
C system.* In other words, in any collision with a given scattering nucle : 
a neutron always loses, on the average, the same fraction of the energy it had 
before collision. This fraction decreases with increasing mass of a : 
It may be repeated here that the foregoing results involve the assumption f a 
ae stationary nucleus prior to collision; this is justified only if. the aed 
ae neha the scattering nucleus is small compared to the kinetic energy 

3.61. The values of a and é for a number of elements, especially those of low 
mass number, are given in Table 3.2. The average number of collisions with 
nuclei of a particular moderator required to decrease the energy of fission . 
tron, with initial energy of, say, 2 Mey, to the thermal value at ordina eo 
peratures, 1.¢., 0.025 ev, is obtained upon dividing In (2 X 10*)/(0.025) vd for 
the given moderator; thus, a 


In (2X10 
Average number of collisions to 0.025 18.2 
thermalize (2 Mev to 0.025 ev) ~ é = =" (3.61.1) 


Some of the results obtained from this equation are included in Table 3.2 Tt 


TABLE 3.2. SCATTERING PROPERTIES OF NUCLEI 


ee tn 


Collisions to 











Element Mass No. a é Thermali 
alize 
Hydrogen 1 
0 1.000 
oe 2 0.111 0.725 - 
4 0.225 0.425 
x : i 4 
oo 9 0.640 0.206 a 
Ae on 12 0.716 0.158 114 
ranium 238 0.983 0.00838 2172 


a EE 


* The arithmetic average value of E,/E. isi ich i 
ne of the initial neutron a See eet Ce Ja 
e use of £ to calculate the average number of collisi impli 
a sions implies that th 
ae ee eee in the calculation is the contietda sige P This view il 
, although it has been the subject of some contro If i 
average of E,/Es, i.e., (1 + a), is used, the collision ' aodiaes ieee 
) ) 1.€., , , the numbers are some i 
cially for elements of very low mass number, e.g., 26 for H, 31 for D, ed Moe —_ 
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Stowinc Down PowsrrR AND MoprEraATING Ratio 


3.62. According to equation (3.61.1), the value of & is inversely proportional 
to the number of scattering collisions required to slow down a neutron from fis- 
sion energy to thermal values. It is thus a partial measure of the moderating 
ability of the scattering material. A good moderator is one in which there is a 
considerable decrease of neutron energy per collision on the average and, hence, 
it is desirable that ¢ should be as large as possible. However, a large £ is of little 
significance unless the probability of scattering, as indicated by the scattering 
cross section for neutrons with energy above thermal, is also large. The product 
f2,, where 5, is the macroscopic scattering cross section of the moderator for 
pithermal neutrons, is called the slowing down power. It is a better measure 
than £ alone of the efficiency of a moderator, for it is equal to £/,, and so rep- 
resents the average decrease in the logarithm of the neutron energy per cm of 
path. By equation (2.113.2), 2, is equal to Napo./A, where Nz is the Avogadro 
umber, p is the density of the moderator, o, its scattering cross section, and A 
the atomic (or molecular) weight; hence the slowing down power is expressed 
hy Nupo.é/A. The values for a number of materials consisting of (or containing) 
elements of low mass number are recorded in Table 3.3; the scattering cross 


sections are assumed to be constant in the energy range from 1 to 105 ev (cf. 
§ 2.141).* 
TABLE 3.3. SLOWING DOWN PROPERTIES OF MODERATORS 
Moderator Slowing Down Power Moderating Ratio 
Water 1.53 em 70 
Heavy water 0.177 21,000 
Helium* 1.6 xX 10% 83 
Beryllium 0.16 150 
Carbon 0.063 170 


* At atmospheric pressure and temperature. 


5,63. Although the slowing down power gives a satisfactory indication of the 
ability of a material to slow down neutrons, it does not take into account the 
powsibility that the substance may be a strong absorber of neutrons. The slow- 
ing down power of boron, for example, is better than that of carbon, but boron 
would be useless as a moderator because of its high cross section for neutron 
absorption (§ 2.138). In fact, any substance with appreciable absorption would 
jw useless as a moderator. It is for this reason that boron and lithium are 
omitted from the tables given above; their slowing down power for neutrons is 
of no practical interest. 

5.64, The ratio of the slowing down power, as defined above, to the macro- 
wopic absorption cross section 2, ie., Lé/Za, called the moderating ratio, is 


* Vor a compilation of data on moderators, see Table 8.9. 
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consequently an important quantity, from the theoretical standpoint, in express- 
ing the effectiveness of a moderator. Some approximate values of. this ratio, 
using absorption cross sections for thermal neutrons, are given in Table 3.3 
above. It is seen that heavy water should be an excellent moderator. Where 
the employment of a liquid is not convenient, beryllium and carbon are evidently 
possible, but less efficient, alternatives to heavy water. Ordinary water can be 
used in certain circumstances, e.g., with enriched fuel, and has some advantages 
in respect to reactor size (§ 1.115). Helium under pressure, like water, could 
be used as both a moderator and heat-transfer medium, but this would involve 
structural difficulties. The choice of the moderator in any particular circum- 
stances will thus depend on other factors, in addition to slowing down power 

and moderating ratio. 


SLOWING DOWN IN INFINITE MEDIA WITHOUT ABSORPTION 


Tue Couuision DENSITY 


3.65. Suppose that fast neutrons are being produced at a uniformly definite 
rate, e.g., by fission, throughout the volume of a particular moderator. As the 
neutrons collide with the nuclei of the moderator, they steadily lose energy until 
they become thermal. But, since fast neutrons are continuously being gen- 
erated, a steady-state distribution of neutron energies will soon be attained. 
This energy distribution will depend on the extent to which neutrons are ab-— 
sorbed in the system and on their escape from it while being slowed down. For 
the present, however, it will be postulated that the moderator is infinite in ex- 
tent, so that there is no loss of neutrons by leakage, and also that there is no 
absorption while slowing down. The ultimate fate of the thermal neutrons is 
of no consequence at the moment. 

3.66. If the source neutrons have energy Ho, assumed to be the same for all 
such neutrons, the minimum possible energy of a neutron after its first collision 
with a nucleus of moderator will be ay (§ 3.54), where a is greater than zero, 
except for hydrogen (see Table 3.2). In the energy range between Ey and aly, 
therefore, some of the neutrons will have suffered one collision, whereas others 
will have undergone two or more. The treatment is then somewhat complicated 
for moderators other than hydrogen, and so, in order to simplify it, the postulate 
will be made here that the neutron energies are all considerably less than aMo, 
ie., E Kak». In other words, all the neutrons under consideration will have 
undergone many collisions, ie., they have suffered multiple scattering, and there 
will be practically none that have been involved in only one collision. 

3.67. Let $(E’) be the neutron flux per unit energy interval at H’, and let 
2,(E’) be the corresponding macroscopic scattering cross section. Then t 
number of scattering collisions per cm* per sec experienced by those neutro 
within an energy element dE’ is 2,(#’)¢(H") dH’, This may be written in t 
form F'(’) dE’, where F(E’), called the collision density per unit energy interval, 


3.70] 
is defined by 
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F(E’) = 2,(E’)o(E’). (3.67.1) 


3.68. After collision with nuclei of moderator, the energy of the neutrons, 
initially Z’, will lie between H’ and aH’. The fraction of these neutrons scattered 
from H#’ into an energy element dH (Fig. 3.8) may be obtained in the following 
manner. If scattering is_ spherically 
symmetric in the C system, and if the 
I, system is a good representation of Ee de 
the actual state of affairs, i.e., essen- 
tially stationary nuclei, then it can be 


? SCATTERED 
shown that the fraction of neutrons NEUTRON 
scattered into an energy element dE is . CIE EAINE GOL rf e 
a . 1 LLISION 
equal to dE divided by the maximum 
E dé 


possible energy decrement per collision.* 
In the present case, the energy element 
in dH and the maximum possible energy 
decrement per collision for a neutron ae’ 
of energy E’ is E’ — ak’ = E’(1 — a); 
hence, the fraction required is dH/ 
W'(l— a). 

3.69. The number of neutrons scat- 
(ered per cm* per sec into the energy 
element dH, from collisions in dH’, is 
(2) dE’ X dE/E'(1 — a), whichis the 
(otal number of collisions in the element dH’, i.e., F(L’) dH’, multiplied by the 
fraction dE/E’(1 — a) that scatter neutrons intodH#. The maximum initial en- 
ergy of a neutron which could have energy £ after such a collision is H/a. The 
total number of neutrons per cm? per sec scattered into dH is thus obtained 
by integrating from EF to E/a; that is, 


NEUTRON 
SLOWING DOWN 


Fig. 3.8. Calculation of collision density 
and slowing down density in neutron scat- 
tering 


Number of neutrons per cm’ per sec 
scattered into dE 


E/a , / 
_ F(B’) dE 
- - Pan a) tH: 869.1) 


3.70. If F(Z) is the collision density per unit energy at HZ, the number of neu- 
(rons scattered out of the element dH is F(Z) dE. Hence, in the steady state, 
when the number of neutrons scattered into dH must equal the number scattered 
oul, 

E/a ? 
F(B) = f st) a, 
BE 


Ta-@ (3.70.1) 


A complete solution of this equation for all values of Z less than aH can be ob- 
tained, but, as stated above, the problem will be restricted to the so-called 


* Moe Ghastone and Edlund, op, eft, § 6.19, 
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asymptotic case, i.e., when E Kak. In these circumstances, the solution of 
equation (3.70.1) is of the form 


C 
=, 3.70.2 
FE) => ( ) 
where C is a constant, as may be verified by substituting C/H’ for F(Z’) in equa- 
tion (3.70.1) and performing the integration. This result applies, in general, 
when F£ is less than a®Ko. 


Tue Stowina Down DENSITY 


3.71. The problem now is to determine the value of the constant C in equation 
(3.70.2), and this is done by evaluating the slowing down density. This quantity 
is represented by the symbol q, and is defined as the number of neutrons per cm* 
per sec that slow down past a given energy E. In the present case it may be ob- 
tained in the following manner. The fraction of collisions taking place in the 
energy element dH’ which scatter past energy EH is (EH — ak’)/E'(1 — a). The 
numerator is the interval below HZ into which scattering from dE’ (or energy E’) 
is possible, and the denominator is the maximum energy range of neutrons scat- 
tered in the element dH’ (cf. Fig. 3.8). Since F(Z’) dE’ is the total number of 
scattering collisions per cm? per sec in the energy element dH’, the number of 
these collisions leading to scattering past energy E is F(E’) dE’ X (E — ak’)/ 
E’(1 — a) per cm’ per sec. The total number of neutrons per cm# per sec scat= 
tered past energy E, which is the slowing down density, is then obtained by 
integration between E and H/a, as in equation (3.69.1); thus, 

BO A ees ag 
provided £ is less than aK» so that no first collisions are involved. 

3.72. Upon replacing F(E’) by C/E’, according to equation (3.70.2), the ex- 

pression for g, in the asymptotic case, becomes 








Cc [('“r— ak’ ,,., 
oe eo ge i; EB”? = 
=C € +——In a) 
l-—a 
= Cé, 
by equation (3.59.1) for & based on isotropic scattering in the center of mass 


system. 
aa. If there is no leakage or absorption of neutrons, as was postulated in 
§ 3.65, the same number of neutrons must slow down past each energy in the 
steady state, and this number must be equal to the source strength Q, i.e., 
number of neutrons entering the system, at energy Zo, per cm* per sec. Com 
sequently for all energies 
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= Q, 


and hence the constant C is equal to Q/é. If this value is substituted into equa- 
tion (3.70.2) the result, for the asymptotic energy region, is 


aoe rene. 3.73.1 
| F(E) = 3 = pp (3.73.1) 

and from equation (3.67.1), which defines F(Z), 
¢(E) = Oa eae (3.73.2) 


tS.” 2.8 


As before, 2, is a function of the energy, although the argument is omitted here. 

3.74. The results obtained above, such as equations (3.73.1) and (3.73.2), 
will apply to slowing down in any moderator for neutron energies less than about 
oH, e.g., 0.37Eo for carbon. It may be mentioned, however, that for hydrogen 
as moderator, for which é is unity and a is zero, the equations hold for neutrons 
of all energies. 

3.75. If the moderator is a mixture or a compound, containing N nuclear 
species, the equations are still applicable, provided é is replaced by a mean value 
f, defined by 
Doki + Deoko + +++ + Zewtn 

Sat @etes tlw 


where the subscripts 1, 2,...,N refer to the different nuclei. For water, for 
example, containing one hydrogen nucleus and two oxygen nuclei, the appro- 
priate expression for £y,9 is 


Es (3.75.1) 


bn 2sH + 22.080 
m0 “San + 22s0 


since &q is unity. 


SLOWING DOWN IN INFINITE MEDIA WITH ABSORPTION 


Tue RESONANCE EscarE PROBABILITY 


3.76. The treatment of slowing down of neutrons in media in which absorption 
occurs is more difficult than that given above for nonabsorbing media. The only 
vase which ean be solved at all easily is that of moderation in a homogeneous 
mixture of hydrogen and a heavy absorber, such as uranium. However, an ap- 
proximate solution is possible for the general case, of moderator with any mass 
itumber, which gives results that have been found useful. 

3.77. Consideration will be given first to the resonance escape probability; this 
in represented by p(/) and is defined as the fraction of source neutrons which escape 
capture while being slowed down to a particular energy E. For a thermal-neutron 
reactor, the energy of interest is, of course, the thermal value. The term “reso- 
nance” is used in describing the quantity p(7) because most of the neutron 
captures will occur in the resonance region of the absorber, e.g., uranium-238. 
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If the resonance peaks are narrow and are widely spaced, the following non- 
rigorous procedure can be used to derive an expression for the resonance escape 
probability for any moderator-absorber system. It is assumed, as before, that 
the system is infinitely large, so that no neutrons escape from it. 

3.78. Suppose the resonance energy region is divided into n intervals of widths 
AF, Ap, ..., AH;,...,AH,. The probability that a neutron in slowing dew 
will suffer collision with a nucleus in the energy interval AZ; is equal to AE ,/£H; 
since AH;/E; (more correctly dH;/E;) is the width of the logarithmic interval 
corresponding to the energy interval AH, and é is the average change in In # 
per collision in the medium under consideration.* For a homogeneous (uni- 
form) system, the probability that the neutron will be absorbed in a collision is 
Xa/(Za + Zs), where , and Y, are the macroscopic absorption and scattering 
cross sections, respectively, for the system under consideration. The probability 
that a neutron will be absorbed in the energy interval /; is thus given by 


Za i ~ 
a; = <2 . AR: (3.78.1) 


and the probability, p;, that the neutron will escape absorption in this interval 
is then 
= 1- aj. 


say a; is, in general, much less than unity, this result may be written in the 
orm 
Di ~ e” 
3.79. The over-all probability, p, that the neutron will escape capture in all 
n energy intervals is the product of the escape probabilities for the n individual 
intervals, so that ’ 
~ pa utart:+++an 
pre ene, (3.79.1) 


where each of the a’s is defined by the appropriate form of equation (3.78.1). If 
the energy intervals are made very small, the summation over the n intervals 
in the exponential term of equation (3.79.1) may be replaced by integration 
between energy H and the source energy Hy. The resulting p is then the reso- 
nance escape probability p(Z) at H, and by combining equations (3.78.1) and 
(3.79.1) this is seen to be 


tis dE 
E) = ae a, ah) 
je) exp ( 1 [ s 4S. iE) (3.79.2) 


This result is frequently used to express the resonance escape probability in a 
homogeneous mixture of fuel and moderator. ; 

3.80. For a mixture consisting of hydrogen as moderator and an absorber of 
high mass number, the value of & is close to unity. In these circumstances, 





“Tn the general case; £ is really the average value E defined by equation (8.75.1), 
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equation (3.79.2) becomes essentially identical with one derived in a more rig- 
orous manner. Equation (3.79.2) may, therefore, be regarded as a fair approxi- 
mation for all systems of interest. 

3.81. An alternative definition of the resonance escape probability, equivalent 
to the one given in § 3.77, is the ratio of the slowing down density at energy H 
with absorption to the value without absorption, i.e., 

Bt 3.81.1 
rE) = aa) sa fad 
where g*(E) represents the slowing down density in an absorbing system. 

3.82. A relationship between q*(#) and the flux ¢(E), analogous to equation 
(3.73.2), can be derived, but the treatment is lengthy and will not be given here. 
A satisfactory result can, however, be obtained in a simple, although not exact, 
manner. If the collision density for neutrons of energy H in an absorbing me- 
dium is represented by F*(£), then, by analogy with equation (3.73.1), it should 
be possible to write ; 

* ie 
F*(E) = i 


where the starred quantities refer to the behavior in an absorbing medium. 
Alternatively, by the arguments in § 3.67, the total collision density for scatter- 
ing and absorption may be represented by a modified form of equation (3.67.1), 
i.@., 

F*(E) = (2a + 2.)¢(4), 
where Ya(E) is the contribution from absorbing collisions and 2,¢() is that 
from scattering collisions. Upon comparing these two expressions for F*(£), 


it is seen that 


* 
E) = —— 3.82.1 
0) = ta, + BNE eer 
or, introducing equation (3.81.1) for the resonance escape probability, 
(3.82.2) 


a. ee 
oH) = FS, 4+ SDE 


where q is the value the slowing down density would have for neutrons of energy 
I! if there were no absorption in the given medium. 


SPATIAL DISTRIBUTION OF SLOWED DOWN NEUTRONS 


Fermi Aen (Continvous Stowinc Down) MopE. 


3.83. The next step in the discussion of the slowing down of neutrons is to 
investigate the spatial distribution of neutrons of various energies, resulting from 
diffusion during the slowing down process. The problem is important because 
the average (net vector) distance a fission neutron travels while slowing down 
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determines the neutron leakage in a finite medium, and so has a direct bearing 
on the critical size of areactor. If this average distance is large, then the reactor 
will have to be large, so as to reduce the probability of escape of neutrons before 
they have been slowed down to thermal energies. Thus the distribution of 
neutrons in space while slowing down determines their loss by leakage. 

3.84. A relatively simple, but approximate, approach to the problem, which 
is not applicable to media containing very light nuclei, e.g., hydrogen and deu- 


terium, is based on the continuous slowing down model, sometimes called the | 


Fermi age model. Consider a neutron produced at the fission energy Ko; it will 
travel for a certain time with this energy before it collides with a nucleus. After 
the collision its energy will be decreased, and it will then travel with this constant 
lower energy until it meets another nucleus. Since the neutron is now moving 
with a smaller speed, the time between collisions is, on the average, increased. 


This process of alternate movement at constant energy followed by a collision 


in which the energy is lowered will continue until the neutron is thermalized. 
3.85. Since the average change in the logarithm of the neutron energy per 


collision, i.e., £, is independent of the energy, a plot of In # of a neutron against j 
time ¢ from fission energy (Zo) down to thermal energy (Hin) should be of the 


form of Fig. 3.9. This consists of a series of steps of approximately equal height 


é, but of gradually increasing length. The horizontal lines represent the con-— 
stant energy of the neutron while it is diffusing between collisions, and the — 


lengths of these lines give the times elapsing between successive collisions. 


3.86. Because individual neutrons behave differently, even if originating with — 


the same energy and diffusing in the same medium, the plot of In F against f, 
as in Fig. 3.9, will vary from one neutron to another. If the medium consists 
of nuclei of moderate or high mass number, the spread of energies among the 
neutrons of the same generation is relatively small, and it is possible to represent 





tec 


Fia, 3.9, Continuous slowing down approximation 
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the behavior of a large number of individual neutrons by means of an average. 
In these circumstances, too, the logarithmic change of energy per collision is 
«small; that is to say, the height of the steps in Fig. 3.9 will be small. Asa result, 
the series of steps may be replaced, without serious error, by a continuous curve, 
such as that shown in the diagram. This is the basis of the continuous slowing 
down (Fermi age) model. It is assumed that, during slowing down, neutrons 
lose energy continuously rather than discontinuously as is actually the case. 

3.87. It should be emphasized that the continuous slowing down model can 
be valid, even as an approximation, only for moderators consisting of elements 
of fairly high mass number. It does not apply to hydrogen, deuterium, or to 
moderators containing these atoms, e.g., ordinary water or heavy water.* It is 
possible, as already seen, for a neutron to lose all its energy in a single collision 
with a hydrogen nucleus. There is, consequently, a considerable spread of en- 
orgies and it is not justifiable to represent the slowing down characteristics of a 
large number of neutrons by an average behavior. Further, because of the rela- 
tively large changes in neutron energy per collision, and hence the small number 
of collisions required to reduce the energy to thermal values (see Table 3.2), the 
ropresentation of the slowing down as continuous is completely invalid. The 
procedure used in connection with the slowing down distribution in water as 
moderator will be considered later (§ 3.162). 


Tur AcE EQUATION 


3.88. The first problem is to develop an equation which will represent the 
#patial distribution of the slowing down density according to the continuous 
slowing down model in a nonabsorbing medium. The following derivation, al- 
(hough not completely rigorous, leads to the correct result in a relatively simple 
manner and indicates the general method of approach. Suppose that the neu- 
trons are slowing down in a nonabsorbing medium, and after a time ¢ they have 
4 velocity v. Let , be the scattering mean free path, ie., the average distance 
4 neutron of this velocity travels between successive collisions with nuclei. The 
\umber of collisions a neutron suffers during the subsequent time interval dt 
in then v dt/d,. Since £ is the average logarithmic energy change per collision, 
\t, follows that the decrease in In E is equal to £ times the number of collisions in 
the time interval dé; hence 


mes 
—-dinE= r. dt 
= vé=, dl, 


where —d In E is the logarithmic energy loss during the time dé and 2, (equal 
(0 1/d,) is the macroscopic scattering cross section of the medium. Upon re- 
placing d In Z by d#/E and rearranging, the result is 


* The continuous slowing down model appears to be reasonably good even for heavy water 
(private communication from M, ©, Edlund), 
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38 = vid, LH, 


dt (3.88.1) 


where dE is the energy loss suffered by a neutron in the time interval dt, on the — 
basis of the continuous slowing down model. 

3,89. At a given point away from a source in a nonabsorbing medium, the 
general diffusion equation (3.17.2) for neutrons of energy EF becomes 

on 4 

i OUD; 
which means, in physical terms, that the rate at which the neutron density in- 
creases with time, at the given point, is equal to the net rate at which neutrons 
diffuse to that point. Since ¢ is equal to nv, this result may be written as 


where, for convenience, the flux is represented by ¢(/), which is defined in § 3.67 

as the neutron flux of energy FH per unit energy interval. Using the value of 

¢(E) given by equation (3.73.2), it follows that j 
1 aq Dd 

ved. ot HN 

where g is the slowing down density for neutrons of energy / at the point under’ 

consideration. By combining the general mathematical relationship 


dq _ 9q OE 
at «oF at 


with equations (3.88.1) and (3.89.1), the result is 


» eH ag 
ve D aE 


It should be noted that both 2, and D are functions of the neutron energy, al- 
though the argument is not included in equation (3.89.2). 
3.90, A new variable 7(H#) at energy E is now defined by 


Eo 
ORY we J. ape, 


where Fy is the energy of the source neutrons. Upon making the transforma- 
tion, whereby the variable F is replaced by 7, equation (3.89.2) reduces to 


4a ai 
: Or 


vq, (3.89.1) 








(3.90.1) 


(3.90.2 


and this is known as the Fermi age equation. The quantity r(/) is called 
Fermi age or the symbolic age. It should be noted, however, that it is not a unt 
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of time, but rather a length squared. This can be readily seen from equation 
(3.90.2), when it is realized that the Laplacian operator implies differentiation 
twice with respect to distance. Thus equation (3.90.2) represents the spatial 
distribution of the slowing down density in a nonabsorbing medium. 

3.91. Although the age does not represent an elapsed time, it is nevertheless 
related to the chronological age of the neutrons, i.e., the time elapsing between 
formation as a source (fission) neutron and the attainment of a given energy. 
This can be seen, in a general way, from equation (3.90.1) which defines the age. 
When EH = E&,, i.e., for neutrons of source energy, 7 is zero. As E decreases, 
however, it is seen that 7(Z) increases correspondingly. In other words, as the 
neutron slows down its age increases. 

3.92. The foregoing results apply to a medium in which there is no absorption 
of neutrons, but it can be shown that with a slight modification the age equation 
can be used for a weakly absorbing medium. It is found that if g(#) is a solu- 
tion of equation (3.90.2) for the case of no absorption, then the corresponding 
slowing down density q*(E), for the case with (weak) absorption, is given, to a 
sufficient approximation, by equation (8.81.1), i.e., 


q*(E) = p(E)q(£), 


where p(Z) is the resonance escape probability for neutrons of energy H. In 
yeneral, therefore, at any energy, the slowing down density with absorption that 
satisfies the Fermi age equation may be taken as equal to the slowing down 
density solution of the Fermi equation without absorption, at the same energy, 
multiplied by the resonance escape probability for that energy. 


(3.92.1) 


SoLuTION oF THE AGE EQUATION: SIGNIFICANCE OF AGE 


3.93. The Fermi age equation (3.90.2) is of a form that is familiar to engineers; 
it is the same, for example, as the equation representing the transient conduction 
of heat in a continuous medium containing no sources.* Solutions for various 
forms are thus to be found in the literature. A case of immediate interest is that 
of a point source of fast neutrons, assumed to be monoenergetic, undergoing 
wontinuous slowing down in an infinite nonabsorbing medium. The solution of 
the age equation is then 

e —r/4r 


ea 3.93.1 
(4nr)? 


qr, r) = 


* The general form of the heat-conduction equation is 


whore 7' is the temperature, ¢ the time, and a is the thermal diffusivity (see W. H. McAdams, 
‘Hloat Transmission,” 8rd ed., McGraw-Hill Book Co. Inc., 1954, page 34). It will be noted 
‘hat rin the Fermi age equation actually corresponds to a time in the heat-conduction equa- 
‘ion, the difference in dimensions being accounted for by a which has the dimensions of 
(longth)*/time, 4 
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where q(r, 7) is the slowing down density for neutrons of age 7 at a point distant 
r from the source. This expression is that for a Gauss error curve, and, con-— 
sequently, the distribution of slowing down density for a given age is sometimes 
referred to as Gaussian. 

3.94. The shape of the curve representing the variation of q(r, 7) with r, for 
a given value of 7, is shown in Fig. 3.10. It is seen that when 7 is small, i.e., 
the neutron is near the source energy, the curve is high and narrow. For 7 large, 
i.e., for neutrons of lower energy, however, the curve is lower and more spread 
out. This is to be expected on physical grounds. A small value of the age 
means that the neutrons have suffered little slowing down, and so they have not 


q 






t SMALL (E LARGE) 


T LARGE (E SMALL) 


Fie. 3.10. Slowing down density distribution about point source 


diffused far from the source. Consequently most of the neutrons will have high 
energies and be in the neighborhood of the source; this corresponds to a high and 
narrow distribution curve. On the other hand, when r is large, the neutrons will 
have undergone considerable slowing down and will have diffused appreciable 
distances from the source. The distribution curve of the slowing down density 
will thus be low and broad. 

3.95. A more precise physical significance can be associated with the Fermi 
age by calculating the mean square (net vector) slowing down distance, denoted 
by r.?, about a point source, in a manner similar to that used in connection — 
with the diffusion length (§ 3.33). Thus, 


fy l4nr’a(r, 7)] dr 
T. o ) 


A yh iE . Anr’q(r, 7) dr 
where q(7, 7) is given by equation (8.93.1), so that 
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* pte —r2/4e dp 
Te = o = 6r 
f. re—P/4r dr 
0 


T= are. 


or 


(3.95.1) 


The age 7 is consequently one sixth of the mean square (net vector) distance 
traveled by a neutron from the time of its emission from the source, i.e., age 
zero, to the time at which its age is r.* 

3.96. The age of neutrons of specified energy in a given medium can be deter- 
mined experimentally, provided a material is available which strongly absorbs 
neutrons of that energy. For example, the slowing down density can be meas- 
ured at indium resonance, i.e., energy about 1.4 ev, at various distances from a 
point source of fast neutrons. Upon taking logarithms of equation (3.93.1), it 
is seen that 


r 
In g(r) = const. — a 


? 


so that the plot of In q against r? should be a straight line with a slope of —1/4r. 
This will give the age of indium resonance neutrons, and a correction can be 
applied to obtain the age of thermal neutrons, if required. Some values of the 
age of thermal neutrons at 20°C from fission sources in four important moderat- 
ing, media are given in Table 3.4. 


TABLE 3.4. AGE OF THERMAL NEUTRONS 
AT 20°C FROM FISSION SOURCE 


Moderator Age (em?) 
Water 33 
Heavy water 120 
Beryllium 98 
Graphite 350 


3.97. It will be noted that Table 3.4 contains data for the age in ordinary 
water and in heavy water. However, for ordinary water, at least, this is not 
airictly the Fermi age, since the continuous slowing down model does not apply 
io media containing hydrogen. The result is actually the value of 7 which ap- 
proximately satisfies equation (3.93.1). It is roughly equivalent to 7.2/6 for 
ihermal neutrons about a point source of fast neutrons, with which the age may 
ho identified by equation (3.95.1). It will be seen later that this broader inter- 
pretation of neutron age is frequently useful. 


* Attention may be called to the analogy between the neutron age and the diffusion length, 
we defined by equation (8:84,2). 
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SLOWING DOWN AND DIFFUSION PROPERTIES 


Stowine Down anp Micration LENGTHS 
3.98. As indicated above, the Fermi age of neutrons is related to the mean 
square distance traveled while slowing down. The square root of the age is thus 
called the slowing down length. For thermal neutrons, of age 7:n, for example, 
*/ wu, is a measure of the net vector (or crow-flight) distance traveled from their 
formation as fission neutrons to their attainment of thermal energy. 
3.99. The sum of the square of the diffusion length of slow (thermal) neutrons, 
ie., L?, and of the age, 7, is called the migration area, M?, i.e., 


M?=[ +7, (3.99.1) 
and the square root is referred to as the migration length, M, i.e., 
M=VL? +7. (3.99.2) 


Since, for thermal neutrons, L? is related to the mean square (net vector) distance 
the neutron travels from the point at which it becomes thermal to that at which 
it is captured, it is evident that the migration length for thermal neutrons is 


related to the total (net vector) distance covered between birth as a fission 
neutron and capture as a thermal neutron. The migration lengths for thermal 


neutrons in four common moderators, at ordinary temperatures, are recorded in 
Table 3.5. The diffusion and slowing down lengths are also included. For 


TABLE 3.5. MIGRATION LENGTH OF THERMAL NEUTRONS 


Moderator Diffusion Length (em) Slowing Down Length (em) Migration Length (em) 


Water 2.88 5.74 6.43 
Heavy water 100 10.9 101 
Beryllium 23.6 9.90 25.8 
Graphite 50.2 18.7 53.6 


ordinary water and heavy water, M? is defined by 
M? = L? + 372, (3.99.3) 


where 7,2? is the mean square slowing down distance from fission to thermal en- 
ergies in these media. In fact, equation (3.99.3) may be regarded as the exact 
definition, applicable to all moderators, with equation (3.99.1) representing an 
alternative definition based on the continuous slowing down model. The mi-+ 
gration length has a direct bearing on the size of a critical reactor, as mentioned 
in § 1.110. 


Stowine Down anv Dirrusion TIMES 


3.100. The average time spent by a neutron in slowing down to thermal 
energy and the diffusion time (or lifetime) of the thermal neutron before capture 
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may be readily calculated. Upon rearrangement, equation (3.88.1) takes the 
form 





1 dE 
ih ox yes oe” (3.100.1) 
where dt is the time required for the neutron energy to be decreased by an amount 
dE. The total time required for the neutron energy to be decreased from the 
fission energy E> to the thermal energy Fin, i.e., the mean chronological age, ¢, 
of the neutrons when they become thermal, is obtained upon integration of equa- 
tion (3.100.1) over this range; thus, 


t Etn 1 dE 3.100.2 
i= fia -J “ee, saa 





3.101. Since the energy of a neutron is kinetic, ZH = }mv*, where m is the 
actual mass of a neutron; hence v may be replaced by V2H/m. Further, as- 
suming an average value of 2,, represented by 5,, equation (3.100.2) becomes 
V2m ( Wp 7): 

i. \WEn VE 
In order to evaluate ¢ in sec, 3, must be in cm, as usual, m in grams 
(1.67 X 10-“ gram), and Ey and Fy, in ergs (1 Mev = 1.6 X 10 erg). The 
values of ©, and the slowing down times from Eo = 2 Mev to Ey, = 0.025 
ev, as calculated from equation (3.101.1), for four moderators, are given in 
‘lable 3.6. 





Pe (3.101.1) 


TABLE 3.6. SLOWING DOWN AND DIFFUSION TIMES FOR THERMAL NEUTRONS 


Moderator >. (em) Slowing Down Time (sec) Diffusion Time (sec) 
Water 0.90 10> 2.1. 1074 
Ileavy water 0.43 2.9 x 1075 0.15 
Beryllium 0.55 7.8 X 107° 4.3 X 10-3 
Craphite 0.30 1.9 x 107-4 1.2 X 107° 


3.102. The average diffusion time or lifetime of a thermal neutron is the mean 
time spent diffusing as a thermal neutron before capture by the moderator. In 
an infinite medium, the neutron lifetime (J) is equal to the absorption mean free 
path, ie., the average (scalar) distance traveled before absorption, divided by 
the mean velocity v of the thermal neutrons; thus, 


ieee aos (3.102.1) 
v VDa 





where %, is the macroscopic absorption cross section for thermal neutrons. The 
mean velocity of these neutrons at ordinary temperatures is taken as 2.2 X 10° 
om/sec, and the values of the lifetime (or diffusion time) are quoted in Table 
4.6, It is seen that the average slowing down time in a moderator is usually 
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much less than the so-called lifetime of thermal neutrons. It should be noted 
that the results given are for infinite media, in which there is no leakage of neu- 
trons from the system, and there is no absorption other than that by the mod- 
erator itself. 


THE CRITICAL EQUATION 


Tue Ace-Dirrusion Mretuop 


3.103. When a reactor is critical, a steady state is maintained without any 
extraneous source; consequently, in the steady-state equation (3.18.1), the source 
term S is now derived entirely from fission neutrons produced from the fuel 
material in the system. The number per cm’ per sec of such neutrons reaching 
any given energy is equal to the slowing down density at that energy. If there 
were no absorption during slowing down, this could be taken as equal to q(r), 
which is the appropriate solution of the Fermi age equation.* As seen in § 3.92, 
for the case of weak absorption, the slowing down density is then given by pq(z), 


where p is the resonance escape probability for neutrons of agez. This quantity — 
may, therefore, be substituted for S in equation (3.18.1). The treatment here — 


will refer, in particular, to thermal neutrons, and so the steady-state diffusion 
equation for a specified point in the critical reactor is 


DV’o(r) — Zah(r) + pg (rin, Tr) = 0, (3.103.1) 


where ¢ is the thermal neutron flux and 2, is the macroscopic absorption cross 
section, at a point whose space coordinates are represented by the symbol r in 
general. 


3.104. The slowing down density can be obtained by solving the age equation — 
V'q(7, r) = dar, 2) (3.104.1) 


Or 


with the appropriate conditions. One of these is determined by considering the . 


value of the slowing down density of the fission (source) neutrons, i.e., q¢(0, r), 
for which the age is zero. 

3.105. In an infinite multiplying medium, consisting of a moderator and fuel 
material, for each thermal neutron absorbed in an infinite system there will be k 
thermal neutrons available in the next generation, k being the infinite multipli- 
cation factor of the medium (§ 1.44). The number of fission neutrons produced, 
for each thermal neutron absorbed, must then be k/p, where p is the resonance 


escape probability for thermal neutrons. The total number of thermal neutrons — 


absorbed per cm’ per sec is Za@, as given by the second term in equation (3.18.1); 
hence the total number of fission neutrons produced per cm! per sec is (k/p)Za. 


This must represent the slowing down density for the fission neutrons, so that 


*In the following treatment, it is more convenient to consider q as a function of age, rather 
than of energy. 
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q(0, r) = Dat (3.105.1) 


which provides a coupling condition between the thermal diffusion equation 
(3.103.1) and the age equation (3.104.1). 

3.106. Since q(7, r) is a function of the age and of the space coordinates, a 
solution of equation (3.104.1) may be sought by separating these variables, i.e., 
by writing 

q(t, r) = T(r)R(@), (8.106.1) 


where 7'(r) is a function of the age (or energy) only, and R(r) is a function of the 
space coordinates only. Substitution of equation (3.106.1) into (3.104.1) then 


gives 
WR(r) _ _1_ | aT) 
R(r) T(r) dr 
Since each side involves only one variable, it may be set equal to a constant; thus, 


VRE) _ ap 





R(t) 

or 

VR(r) + BR(r) = 0 (3.106.2) 
and 

1 dT (rz) 

TO de 2 (3.106.3) 

The solution of equation (3.106.2) is 
T(r) = Ae~™, 

so that, from equation (3.106.1), 

g(r, r) = AR(r)e~®”, (3.106.4) 


where B? must be a real positive quantity, in order to satisfy the physical re- 
quirement that the slowing down density cannot increase with neutron age. 
3.107. When 7 is zero, equation (8.106.4) becomes 


qd, r) = AR), 
and, hence, from the coupling equation (8.105.1), 


AR@® = 7 20). (3.107.1) 
Upon substituting this result back into equation (3.106.4), it follows that 


q(7, r) = f Bab(e)e“P. (3.107.2) 


The critical thermal diffusion equation (3,103.1) can now be written as 
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DV*o(r) — Sab(r) + kE.b(r)e?™ = 0 
or, making use of the fact that L? is equal to D/Z., by equation (3.33.2), it is 
readily found that 
4 ee (3.107.3) 
V-o(r) + >a — 4(r) = 0. -107. 


3.108. According to equation (3.107.1), ¢(r) is proportional to R(r) and, hence, 
to q(t, 7). If it is postulated that the extrapolation distance is independent of 
energy, so that the flux and the slowing down density become zero at the same 
boundary, it follows that ¢(r) must satisfy the same equation as R(r), namely, 
equation (3.106.2); consequently, 


Vo(r) + Bp(r) = 0, (3.108.1) 


where B?, which is called the buckling,* is the same real positive quantity as 
above. Comparison of equations (3.107.3) and (3.108.1) then shows that 


ke —Brtn — | 


ie 
or 
<p — B2rth 
oe =, (3.108.2) 


This is the critical equation for a bare, homogeneous reactor using what is called 
the age-diffusion method, i.e., diffusion theory applied to thermal neutrons with 
the spatial distribution of the slowing down density determined by the Fermi 


age. 

"Ge In the foregoing treatment it has been tacitly assumed that the source 
neutrons, i.e., the fission neutrons, all have the same energy. However, equa- 
tion (3.108.2) is applicable to the general case, provided 7¢n is taken as the aver- 
age value of the Fermi age of thermal neutrons properly weighted according to 
the fission spectrum (§ 2.166). 


BUCKLING AND CRITICAL SIZE 


3.110. The critical equation (3.108.2) relates the physical characteristics of 
the multiplying (reactor) system, as given by the quantities k, L’, and 7, to the 
buckling, B?. The latter, which is a geometrical quantity, dependent on the 
shape and size of the reactor, can be obtained by solving equation (3.108.1) for 


a specified shape, with the condition that the flux shall become zero at the- 


extrapolated boundary. In this way it is possible to determine the critical 
size of a reactor of given shape from the physical properties of the materials 
present. The general treatment will be illustrated here by reference to a spherical 
reactor, but the results for other shapes will also be given. 


*The name “buckling” arises from the fact that —V*b(r)/p(r) = 3? is a measure of the 
bending (or buckling) of the neutron flux at any point rin the critical reactor, 
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3.111. In order to solve the equation 
V’o(r) + B’d(r) = 0, (3.111.1) 


for a spherical reactor, it is convenient to choose the origin of the coordinates 
at the center of the sphere. Symmetry conditions then rule out any dependence 
of the neutron flux ¢(r) on the angles @ and ¢; hence, the Laplacian operator is 
derived from equation (3.16.3) by eliminating all terms involving these angles. 
IWquation (8.111.1) for the present case thus takes the form 


Eoin) 4 2 foie 4+ B(r) = 0. (3.11.2) 


Since B? is positive, the general solution of this differential equation is 
d(r) = A sin Br + c cos Br, 


where A and C are arbitrary constants. The fact that the flux is finite at the 
center of the sphere, i.e., when r is zero, eliminates the second term on the right, 
so that a permissible solution is 


din = A sin Br. (3.111.3) 
3.112. If R is the radius of the spherical reactor, including the extrapolation 


(listance, then the boundary condition referred to above requires that ¢(r) shall 
he zero when r = R; hence, from equation (3.111.3), 


A. 
R sin BR =0. 
ince A and F are not zero, this means that sin BR = 0, and consequently 
BR = nz, 
wo that 
ta (tty, 3.112.1 
B ( i) ( ) 


Where n is an integer, i-e., 1, 2, 3, ete. Strictly speaking, n = 0 gives a permis- 
sible solution, but it is not included since it makes B? zero. 

3.113, There are obviously an infinite number of values of B?, corresponding 
(o all integral values of n, which satisfy equation (3.111.1); these are referred 
(o a8 the “eigenvalues” of this equation. However, the lowest eigenvalue, i.e., 
with n = 1, is the only one which is significant. It is the only value of B? which 
would make the neutron flux, as given by equation (3.111.3), positive for all 
values of rfrom zero to R. For n > 1, the solution oscillates, becoming negative 
for certain values of r. The buckling is thus taken as the lowest (nonzero) 
eigenvalue that results from solving equation (3.111.1), subject to the condition 
that the flux shall be gero.at the extrapolated boundary of the system. 
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3.114. Taking n = 1, the buckling for the spherical reactor is given by 


B= (3) (3.114.1) 
and the critical radius is then 
R= = (3.114.2) 


The flux distribution in the critical reactor is obtained by inserting the value for 
B from equation (8.114.1) into (3.111.3); thus, 
A. a 
o(r) = sin (3.114.3) 
The arbitrary constant A in this expression is determined by the power level 
of the reactor, since this is proportional to the neutron flux (§ 2.163). As stated 
earlier, the power output of a reactor is, in principle, independent of its size, 
provided it is critical. 

3.115. It will be seen from the foregoing treatment that, by prescribing the 
shape and size of a reactor, the value of the buckling can be determined, e.g., 
by equation (3.114.1) for a spherical reactor. If this result is now inserted into 
the critical equation (3.108.2), it is possible to determine the values of k, L?, and 
7, which depend upon the nature and proportions of fuel and moderator, that 
will make the prescribed reactor just critical. Alternatively, if the composition 
of the multiplying medium is specified, so that k, L’, and r are known, the buck- 
ling B? can be obtained from equation (3.108.2). The critical size for a given 
shape can then be determined, e.g., by equation (3.114.2) for a spherical reactor. 


REACTORS OF VARIOUS SHAPES 


3.116. By solving equation (3.108.1) for reactors of various shapes, expressions 


for the buckling in terms of the appropriate spatial dimensions can be deter-— 


z 





— 


SPHERE RECTANGULAR PARALLELEPIPED 


FINITE CYLINDER 


Fia. 3.11. Critical dimensions and coordinates for reactors of three geometries 
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mined. The flux distribution in the critical reactor can then be derived in a man- 
ner similar to that described above for a sphere. The results are summarized in 
Table 3.7 for a sphere, a rectangular parallelepiped, and a finite cylinder, using 
the dimensions, which include the extrapolation distances, shown in Fig. 3.11." 
‘The function J» is the Bessel function of the first kind of zero order. It will be 
noted that the buckling always has the dimensions of (length)-. 


TABLE 3.7, BUCKLING AND FLUX DISTRIBUTION IN BARE REACTORS 











Geometry Buckling Dibeen ee 
itical Volume 

Sphere Gy 4 sin = = 

Tena Gy - Gy + ‘ei A cos =~ C08 = COB = * 

Winite cylinder Ge) i: (5) Ath (249%) og las 





3.117. It is seen that, in each case, the flux distribution is determined by 
one of three functions, namely, (1/r) sin (ar/R), cos (rav/a) or similar, and 
J0(2.405r/R). These all vary with the coordinates, i.e., with r, x (y, z, of H) 
and r, respectively, in a manner that is represented, to a very good gontobina. 
tion , by a cosine function (Fig. 3.12). Thus, the neutron flux distribution in a 
critical reactor may be assumed to have a cosine distribution about any of the 


4.0 





0.5 


0 
0 0.5 1.0 


Lo-_> 
Tia, 3.12. Functions for determination of neutron flux distribution 


* Vor details, see 8, Glasstone and M. ©, Wdlund, op. cil., Chapter VIL. 
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axes in Fig. 3.11, with a relative value of unity at the axis and zero at the extra- — 
polated boundary, in each case. 

3.118. For a given value of the buckling, i.e., for a system of given composi- 
tion, there will be a certain minimum volume for each kind of geometry which ~ 
can be readily calculated from the appropriate buckling equations. The ex- 
pressions for these minimum volumes are recorded in the last column of Table 
3.7; in the case of the rectangular parallelepiped, the critical volume is least when 
the three sides are equal, i.e., fora cube. It is evident that, for a specified mul- 
tiplying medium, the critical volume (and mass) of a spherical reactor will be 
less than for any of the other shapes. The reason is that the sphere has the 
smallest area-to-volume ratio. As stated in § 1.97, neutron production takes 
place throughout the volume of the reactor, but leakage occurs only at the sur- 
face. Hence, for a given composition, the reactor with the smallest ratio of 
surface to volume will have the smallest critical mass. 


NONLEAKAGE PROBABILITIES 


3.119. Before considering the applications of the critical equation (3.108.2), 
it is instructive to examine the significance of the terms involved. If a reactor 
were infinite in size, so that no neutrons were lost by leakage, the critical condi- 
tion would be simply that the infinite multiplication factor k should be unity. 
Then for every neutron absorbed, another equivalent neutron would be pro- 
duced. The use of the continuous slowing down model evidently introduces 
two factors, namely, e 8 and 1/(1 + LB), as is apparent from equation 
(3.108.2).* These take into account the fact that the reactor has finite dimen- 
sions, so that neutron leakage takes place. 

3.120. According to equation (3.107.2), the slowing down density of souree 
(fission) neutrons is (k/p)Za@, since 7 is zero, and the slowing down density 
thermal neutrons, disregarding absorption, is (k/p)Zape —8* Tf there had been 
no leakage while slowing down, these two quantities would have been equal, 
Hence ¢~2” is the fraction of the source neutrons that remain in the reactor and 
do not escape. In other words, e~”” represents the nonleakage probability (ef, 
§ 1.95) of the neutrons during the course of slowing down from source to age ™ 

3.121. The rate at which neutrons leak away from a specified point in the 
reactor is given by diffusion theory as —DV’¢, and by equation (3.108.1) this 
may be taken as equal to DB» neutrons/(em’) (sec). The rate of absorption 
is Ded thermal neutrons/(em*)(sec), and so the ratio of thermal leakage to 
thermal absorption is given by 


Thermal leakage _ DB’ _ LR? 
Thermal absorption 2a : 





since D/Z, is equal to L?, the square of the thermal diffusion length. By addi 


* Since it is understood that 7 refers to the age of the thermal neutrons, the subscript 
be omitted for simplicitiy, 
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unity to each side and inverting, it is seen that 
Thermal absorption 1 (3.121.1) 


Thermal absorption + thermal leakage ~ 1+ DB 


Since the denominator on the left side represents the total number of neutrons 
thermalized, it follows that 1/(1 + L?B?) is the fraction of neutrons thermalized 
in the reactor that are absorbed, while the remainder leak out of the reactor. 
Consequently 1/(1 + L?B?) is the nonleakage probability for thermal neutrons. 

3.122. It is of interest to consider the physical significance of the quantities 
appearing in the nonleakage probability factor. In view of the inverse relation- 
ship between B? and the dimensions of the reactor (see Table 3.7), B? will be large 
when the reactor is small, and vice versa. A large value of B? will mean that 
both e~" and 1/(1 + L?B?) are relatively small. Thus, as is to be expected, 
the neutron leakage, both during slowing down and while thermal, will be large 
for a small reactor. Next, consider the age 7; this is related to the average (net 
vector) distance traveled by a neutron while slowing down. It is to be antici- 
pated, therefore, that for a reactor of given size, a large + will mean a small non- 
leakage probability; this is in harmony with the results obtained above, for e~?” 
is then small. Similar considerations apply to the diffusion length, L, which is 
i measure of the average (net vector) distance traveled by the thermal neutron 
before capture. A large value of L should mean a large probability of leakage 
from the reactor, and this is in agreement with the thermal nonleakage proba- 
bility represented by 1/(1 + L?B?). 

3.123. Since B? is inversely related to the reactor size, it is evident that for a 
large reactor the exponential e~”™ in the numerator of the age-diffusion critical 
equation (3.108.2) can be expanded in series form and all terms beyond the 
second neglected, so that 


e Bt ~ 1 — Br = (1 + Br)-, 


it being understood that 7 refers to thermal neutrons. 
the critical equation becomes 


In these circumstances 


a as ase 
(1 + 7B’)(1 + L?B’) 


Neglecting terms in B‘, as being very small, the critical equation for a large 
reactor may be written as 


(3.123.1) 


k 
1+ BUL? +17) = 1. (3.123.2) 


Aw seen in § 3.99, the sum L? + 7, or L? + 472, in general, is defined as the 
migration area M? for thermal neutrons, so that critical equation (3.123.2) for 
i large reactor is 


k 
T+ mp ~ | (3.123.3) 
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3.124. According to this result, the total nonleakage probability is pssst, 
1/(1 + M?B?); the greater the value of M? the smaller is the naa a | 
bility, i.e., the greater the neutron loss by leakage, for a reactor of seas : a i 
Since the migration length includes both slowing down and mehr? i - 
lengths, this result is to be expected. It is of interest to note ie be ae 
(3.123.3) can be written in the form k — 1 ~ M*B?, and since = ss ia 
(b/R)*, where RF is the radius of a sphere or the edge length of a cube ae . 
pends on the shape of the reactor, this result is equivalent to equation (1.111.2), 
derived in a general manner in Chapter I. 


i i i ium-235 is the fuel and beryllium — 
A cubical thermal reactor, in which uranium 3 

nose has an edge length of 100 cm. baci iaate am the eek -@ 

i ion Fermi age of thermal neutrons 
duced in fission are lost by escape? (The es Rabie 70 oat oa 

hat in beryllium, i.e., 98 cm? at 20°C, but LZ Js only abo ; F 
Ce oleae probability while slowing down is e~", and so the correspon 
leakage probability is 1 — e—"; this is the fraction of neutrons that escape wl ‘ : ow- 
ae ee Since a cube is a rectangular parallelepiped with equal edges, it fo ows 
from Table 3.7 that B? = 3(z/a)?, where a is the edge length. In the present case a is 
100 cm and so B? is 2.9 X 10-3 cm. Hence, 


1 — e-B = 1 — e— (29X10) (98) — 0.25, 


so that 0.25 of the fission neutrons leak out while slowing down and the remaining 0.75 
i ized. : 
* aa probability of thermal neutrons is 1/ io oe ne), and - = joke 
ility i 2B), The value of L? in the reactor is give i 
De i Gay an ae i lost by leakage is 0.20/1.20, 
i d the fraction of thermal neutrons ost by ge i ‘ 
ar eae 0.75 of the fission neutrons are thermalized, the fraction pe 
neutrons escaping as thermal neutrons is a Ce 0.13. ' The total loss o: ssion 
kage is thus 0.25 + 0.13 = 0.38, or 38 per cent. 4 
a "the a “had been treated as large, so that the total nonleakage probe 
would be represented by 1/(1 + M?B?) and the fraction of neutrons lost by les aa 
M?B?/(1 + M?B?), the latter would be 0.33, or 33 per cent. (Note that M? = 
is here 70 + 98 = 168 cm?.) 


Tur ErrectivE MULTIPLICATION FACTOR 


3.125. The product of the two terms a and 1/(1 + L*B") is equal to t 
total nonleakage probability of neutrons in a reactor of finite size, as re 7 
from age-diffusion theory. This is the quantity represented by P in § q 
hence, ke~®”/(1 + L?B?) must, by definition, be equal to the effective mu 

ication factor, i.e., 
plication fa nore 


se (3.1251 
1+ DB 


= kere. 
For a critical reactor, of finite size, ker: is equal spre A equation (3.125, 
i j i iti 1 3.108.2). 
becomes identical with the critical equation é 
ee If the reactor is larger than the critical size for the given materials 
cniedinieiides! i.e., the reactor is supercritical, the value of B, as determined f 
the geometry of the system, will be legs than that for a critical reactor, beew 
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B? is related inversely to the reactor dimensions, as seen above. 
of equation (3.125.1) will then exceed unity, so that k 
supercritical system (§ 1.94). 
e~*** and 1/(1 + LB), 
critical. 


The left side 
eff > 1, as required for a 
In this case, the two nonleakage probabilities, 
will both be greater than required to make the reactor 
If the reactor is subcritical, so that B? is greater than the critical 
value, ker, as given by equation (3.125.1), will be less than unity, because the 


nonleakage probabilities are then smaller than necessary for the given system 
to become critical. 


Neutron Lifetime in Finite REactTors 


3.127. It was found in § 3.102 that the mean lifetime of a thermal neutron 
in an infinite medium, where the loss of neutrons is due entirely to absorption, 
is given by ly = 1/Z,v. However, in a system of finite size, the effective lifetime 
is decreased because neutrons are also lost by leakage. According to equation 
(3.121.1), the ratio of neutrons absorbed to the sum of those absorbed and leak- 


ing away is 1/(1 + L*B?) ; consequently the average thermal neutron lifetime, J, 
in a finite reactor is 
Yh ly 


“iT APR 


3.128. For a large thermal reactor, usin 
lity 1 + ZB? is not much greater than u 
very different from that in an infinite s 


(3.127.1) 


g natural uranium as fuel, the quan- 
nity, and so the finite lifetime is not 


ystem of the same composition. If fuel 
enriched in uranium-235 is used, as it is in several modern reactors, B? is much 


larger than for a natural-uranium reactor. The mean lifetime of thermal neu- 


trons in the finite reactor may then be appreciably smaller than in the infinite 


system. The actual values range from about 10-3 sec for natural-uranium re- 
actors to roughly 10-4 see for some using enriched fuel (see § 3.164). 


Tue Muttipuication Factor FOR THERMAL REAcTORS 


3.129. The infinite multiplication factor k of the materials 
most important quantity in relation to reactor criticality. 
given multiplying medium exceeds unity, a critical system of finite size is impos- 
wible. If k is only slightly greater than unity, then the critical reactor will have 
lo be large, ie., B? must be small, so as to keep the neutron leakage to a mini- 
mum. On the other hand, if k is relatively large, then a small critical reactor 
will be possible, and B? can be large. The nonleakage probabilities can then be 
relatively small, i.e., the fractional loss of neutrons by leakage can be consider- 
ible, and yet the product of k and the nonleakage probability factor can still be 
equal to (or exceed) unity. 
3.130, The multiplication factor for an infinite system, Le., with no leakage, 
may conveniently be divided into four parts, in the following manner. As 
slated in § 1,104, » is the average number of fast (fission) neutrons emitted as a 
result of the capture of a thermal neutron in fuel, i.e., in both uranium-235 and 


is probably the 
Unless k for the 
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uranium-238 in the case of a mixture of these two isotopes. Since-not all neu- 
trons absorbed in fuel cause fission, the average number of fast (fission) neutrons 
released per thermal-neutron fission is », which, by equation (1.104.1), is related 
to n by 

a Neutrons causing fission 

soon Total neutrons absorbed in fuel 


= 2 

=vyxXx 3, 
where =; is the thermal-neutron fission cross section of the fissionable material, 
e.g., uranium-235, and 2%, is the total cross section for absorption of thermal 
neutrons, by fission and nonfission processes, in the fuel material, e.g., natural 
uranium. Some values for 7 were recorded in Table 1.7.. For thermal-neutron 
fission in natural uranium, for example, 7 is 1.3, so that for every neutron ab- 
sorbed in this fuel, 1.3 fast (fission) neutrons are produced. 

3.131. Suppose that at a given instant, representing the initiation of a genera- 
tion, there are available n thermal neutrons which are absorbed in fuel; then, as 
a result, nn fast neutrons will be produced by fission. Before these fast neutrons 
have slowed down appreciably some will be captured by, and cause fission of, 
uranium-235 and uranium-238 nuclei. At neutron energies greater than about — 
1 Mev, most of the fast-neutron fissions in natural uranium will be of uranium- 

_ 238 nuclei because of their greater proportion. Since more than one neutron is 
produced, on the average, in each fast-neutron fission, there will be an increase — 
in the number of neutrons available. Allowance for this effect may be made by 
introducing the fast-fission factor, denoted by ¢« and defined as the ratio of the 
total number of fast neutrons produced by fissions due to neutrons of all ener- 
gies (fast and thermal) to the number resulting from thermal-neutron fissions. 
Consequently the capture of n thermal neutrons in fuel will cause nye fast neu= 
trons to be liberated.* 

3.132. During slowing down some of the neutrons are captured in nonfission 
processes, and the fraction escaping capture is p, the resonance escape prob- 
ability. Hence, the number of neutrons which become thermalized is nyep. 
According to equation (3.79.2), the resonance escape probability depends on 
the macroscopic absorption and scattering cross sections of the fuel-moderator 
system. It is thus determined both by the nature of the materials and their 
proportions. Some values of p for mixtures of graphite and natural uranium 
will be given later. 

3.133. When the neutrons have reached thermal energies, they will diffuse for 
some time in the infinite system until they are ultimately absorbed by fuel, by 
moderator, or by such impurities (poisons) as may be present. Of the thermal 
neutrons, therefore, a fraction f, called the thermal utilization, will be absorbed 


*The value of ¢ in reactors using natural uranium as fuel, with either graphite or heay 
water as moderator, is about 1.03 (see § 3.176), In homogeneous (uniform) systems it 
approximately unity. 


3.135] REACTOR THEORY: THE STEADY STATE 179 


in fuel material; the value of f is represented by 


_ Thermal neutrons absorbed in fuel 
:* Total thermal neutrons absorbed 

=. Viurubu 

~ Vidubu + VnEmdm + Vididi 
where the subscripts wu, m, and 7 indicate fuel (uranium), moderator, and impuri- 
ties, respectively. The various 2’s refer to absorption cross sections for thermal 
neutrons, and the V’s to the respective volumes occupied by the indicated sub- 
stances. Like the resonance escape probability, the values of f depend on the 
fuel and moderator and on their relative amounts. 

3.134. Since all the nyep neutrons reaching thermal energies in the infinite 
system are absorbed, the number absorbed in fuel will be nnepf. The infinite 
multiplication factor k is defined as the ratio of the average number of thermal 
neutrons produced (and hence absorbed) in one generation to the number of 
thermal neutrons produced (or absorbed) in the preceding generation, in an 
infinite medium (§ 1.95); consequently 


k= rept nepf. 


(3.133.1) 


(3.134.1) 


‘This is sometimes referred to as the four-factor formula. The division of the 
infinite multiplication factor into four parts simplifies the procedure for evaluat- 
ing this important property of a multiplying system. 


HOMOGENEOUS SYSTEMS 


RESONANCE EsScAPE PROBABILITY AND THERMAL UTILIZATION 


3.135. In the equation (8.79.2), which will be used here to express the res- 
onance escape probability in a homogeneous system, 2. may be assumed to refer 
(o the fuel only, since neutron absorption in the moderator is, in general, rela- 
tively small. Hence 2, may be replaced by Nuc, where N, is the number of 
atoms (or nuclei) per cm? of the fuel, and ga, is the absorption cross section for 
noutrons of energy EH. It is then possible to write 

Za = N uTau zs 
tytte ke let B 
Mince, in the resonance region, the scattering cross section may be taken to be 
independent of neutron energy, equation (3.79.2) becomes 


Ny (™ (_2.,.\ 92 
Sy Haha [-% z (5 + 2, on) aI 


‘The integral in this equation is called the effective resonance integral,* and it can 
he represented by 


* The actual or true resonance integral for any substance is the integral of o, d#/E over 
the resonance energy range, 


(3.135.1) 
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dH 
Effective resonance integral = J (eader Fr’ (3.135.2) 
where 
— _ 2s 
(cau)efs = >. a. >, Tau; 
so that 
Nu dH : 
p(E) = exp | -¥ J Coosa al (8.135 3) 


the integration being carried over the resonance energy range. 4 
3.136. It is seen from equation (3.135.3) that the resonance escape probability 
depends upon the effective resonance integral. The latter can be determined 
experimentally for a given mixture of fuel and moderator. For mixtures of 
natural uranium with several different moderators, it has been found that the 
effective resonance integral is expressed to a good approximation by the formula 


D, \0-415 
Effective resonance integral = 3.9 (F-) barns, 
the limiting value for great dilutions, as N., approaches zero, being 240 barns, 
With the effective resonance integral known, the resonance escape probability 
can be calculated by means of equation (3.135.3). As the proportion of fuel 
(natural uranium) in the system increases, it is seen that the resonance escape 
probability decreases, as is to be expected (see Table 3.8, below). 


(3.136.1) 


. eye . . . f graphi te ; 
Example Determine the resonance escape probability in a uniform mixture o: ; 
and Neel uranium metal in the atomic ratio (NV,/Nu.) : 400. (The scattering cross 
section for resonance neutrons may be taken as 4.8 barns. 4 
By combining equations (3.135.3) and (3.136.1) it is seen that for natural uranium — 


as fuel, RapH Ae 
poe = exo| -F8(5*)" } 


Because of the large proportion of graphite, may be taken as the value for carbon, 
i.e., 0.158, and , may be set equal to Nmosm, where osm is 4.8 barns; thus 


3.9 vamos) 
= XP] ~— 0.158 \ 4.8 


= e7 0-296 = 0.744. 
The required resonance escape probability is thus 0.74, since it is doubtful if the third 
figure has any significance. 


3.137. For a uniform mixture of fuel and moderator the neutron flux is the 
same throughout and all the constituents occupy the same volume, so that equa- 
tion (3.138.1) for the thermal utilization reduces to 
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fH 3. 
~ Sy By by 


where the >’s are absorption cross sections. 


In the absence of impurities 
(poisons) this result may be written as 


2, Nua 
os te a 3.137.1 
f Zau + Zam Nuau + Nom ¢ ) 


Where, as above, the N’s are the respective numbers of nuclei per cm?. The 
8 are now the microscopic absorption cross sections for thermal neutrons. In 
contrast to the variation of the resonance escape probability with composition, 
it is seen from equation (3.137.1) that the thermal utilization increases with 


increasing proportion of fuel. It would be unity for pure fuel, in the absence 
of moderator, i.e., when N» is zero. 


Nxample Determine the thermal utilization for the uniform mixture of natural uranium 
und graphite considered in the preceding example, for which N;,/N, is 400. (The micro- 


scopic absorption cross sections of natural uranium and graphite for thermal neutrons 
wre 7.42 barns and 0.0045 barn, respectively.) 


lNquation (3.137.1) may also be written as 


f = Cau 
oi Cau + Cam(Nm/Nu) 


and since N;,/N,, is 400, it follows that 


_ 7.42 . 
~ 7.42 + (0.0045) (400) 


‘The required value of the thermal utilization is thus 0.80,, the third figure being doubtful. 


f 0.804. 


3.138. Some values for the resonance escape probability and the thermal 
Wtilization for various uniform (homogeneous) mixtures of natural uranium 
metal and graphite are given in Table 3.8. As the proportion of fuel decreases, 
io, as N,,/N,, increases, p increases but f decreases. The product pf passes 
through a maximum of about 0.60, when there is roughly one atom of uranium 
(0 400 atoms of graphite in the mixture. 


TABLE 3.8. RESONANCE ESCAPE PROBABILITY AND 
THERMAL UTILIZATION IN UNIFORM MIXTURES OF 
NATURAL URANIUM AND GRAPHITE 


Nin/Nu Pp f pe 
200 0.64 0.89 0.57 
800 0.70 0.84 0.59 
400 0.74 0.80 0.60 
500 0.77 0.76 0.59 


4,139, It was seen above that, for natural uranium as fuel, the value of 7 is 


1.4, and since ¢ is approximately unity for a homogeneous mixture, the maximum 
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value of the infinite multiplication factor, i.e., nepf, for a homogeneous mixture 
of natural uranium and graphite is 1.3 X 0.60, ie., about 0.80. Since this is 
less than unity it is obviously impossible to establish a self-sustaining chain 
reaction in this system. In other words, no matter how large a reactor were 
constructed, it would never go critical.* 

3.140. There are two ways in which the problem of obtaining a critical system 
with uranium as fuel has been solved. One is to use enriched fuel, i.e., fuel 
containing an appreciably greater proportion of the fissionable uranium-235 
than does natural uranium. The other is to take advantage of the fact that the 
resonance escape probability, for a given ratio of fuel to moderator, can be 
increased by using a heterogeneous lattice system consisting of lumps (or rods) 
of natural uranium arranged in a matrix of graphite. 


Hieguity Enricnep Furi Systemst 


3.141. The use of enriched fuel results in a decrease in the proportion of 
neutrons absorbed in nonfission reactions in uranium-238, both as thermal 
neutrons and while slowing down. There is thus an increase in the infinite 
multiplication factor due to increases in n and p, in particular, and also, fre- 
quently, in the thermal utilization. The effect of enriched fuel on the fast- 
fission factor is small. Since, in any event, ¢ is close to unity in a homogeneous 
system, the change may be neglected. 

3.142. If the fuel consists of pure fissionable material, e.g., uranium-235, then 


n is given by equation (1.105.2) as 
v 


1 T+e 


with a = o,/o;, where «, is the nonfission capture cross section for thermal neu 
trons, and o; is the cross section for fission. It is seen from Table 2.10 that, f 
uranium-235, o, is 101 barns and a; is 549 barns, and since » is 2.5, it follows t' 


2.5 


= 101 
1+ 549 


This represents a considerable incre 





n = 2.1, 





which is the result given in Table 1.7. 
over the value for natural uranium. 
3.143. A reactor employing enriched material can be made critical with a ve 
low concentration of fuel. Because of the large ratio of moderator to fuel, t 
fraction of neutrons captured in fuel while slowing down is small, since t 
probability of scattering is large compared to absorption. The resonance esca) 


* By using a better moderator than graphite, e.g., heavy water, the value of k could 
‘nereased to the extent that a uniform mixture with natural uranium can become criti 
The large size of the reactor coupled with the high cost of heavy water makes such a sys 
rather impractical, é 

+ For a treatment of slightly enriched fuel systems, see § 3,184, 
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probability is then not much less than unity, and as « is slightly greater than 
unity, it is a good approximation to write 


k = nf. (3.143.1) 


3.144. Since 7 is 2.1, the thermal utilization could be as low as 0.5, ie 

k = 1.05, and the system still be capable of becoming critical. For a homoge- 
neous mixture of fuel and moderator, in the absence of impurities, f is given by 
equation (3.137.1), and the system would be capable of maintaining a chain 
reaction even when Nica. = Noam, 80 that f is 0.5. For ‘uranium-235, cay is 
h49 + 101 = 650 barns, and if graphite is the moderator, cam is 0.0045 barn 
lence, in these circumstances, N»,/N, would be 1.44 X 10°. This means that 
homogeneous mixture consisting of 1 atom of uranium-235 to roughly 144,000 
atoms of graphite could be used in a thermal reactor. Since k is only 1.05 “the 
critical reactor would, of course, be large. If the ratio of uranium-235 to neds 
orator is increased, the thermal utilization is increased, and so also is the infinite 
multiplication factor. Criticality could then be attained with a reactor of 
wmaller size. 


CALCULATION OF CRITICAL SIZE 


3.145. The first step in the calculation of the critical size of a reactor is to 
(letermine the corresponding buckling. For a homogeneous system, a first 
Approximation may be derived relatively simply by neglecting the Teution 
absorption due to impurities, e.g., structure, coolant, poisons, etc. If the fuel 
in highly enriched, it is sufficiently accurate for the present purpose to assume 
(that & = nf, as in equation (3.143.1). Further, if the ratio of the macroscopic 


ubsorption cross sections of fuel to moderator is represented by 2, i.e 
Cy 4 














= Lau 2 Nuon 
i= Vi, (3.145.1) 
\( follows from equation (3.137.1) that 
Zz 
f= ror (3.145.2) 
und, consequently, 
Me. 
k= oad (8.145.3) 


3.146, As seen above, an enriched system can be critical even when the 
proportion of fuel is very small. Hence, in the uniform fuel-moderator, the 
(iffusion coefficient and age of thermal neutrons will be essentially the ‘sarak as 
ii pure moderator. By equation (3.34.1), L? = D/2., and since D may be 
taken as the diffusion coefficient of the pure moderator, i.e., D,,, it follows that 

LA = 


Dn 
s 


mak “am 
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3.147. If this result is combined with equation (3.137.1), which defines f, it is 
found that 


P= Ze (1 —f) = Ll —f) (3.147.1) 


“or, in view of equation (3.145.2), 


(3.147.2) 





where L,,” refers to the pure moderator. 
3.148. Upon introducing the values of k and L’ given by equations (3.145.3) 
and (3.147.2) into the critical equation (3.108.2), it is seen that 


nze —B rm 


P4+14L2R 7) 


where rm and L»? refer to the pure moderator. For a fuel-moderator mixture of 
specified composition, 7, 2, Lm’, and Tm may be regarded as known, and so the 
buckling, B?, can be evaluated by solving the transcendental equation (3.148.1). 

3.149. A convenient method of solution is to write the equation in the form 


(3.148.1)_ 


5B sae u (2+ 1+ Ln2B?), (8.149.1) 


n 
and let 
zg+1 C= Ln? 
nz N2Tm 








A= xz = Btn, 


where A and C are constants, and x isa variable. The critical equation (3.149.1) 


then becomes 


ez =A+ Cz. (3.149.2) 


Since x is not large, e~* may be taken as approximately equal to 1 — 2; then, 
A and C being known, a preliminary value of x is obtained by writing equation 
(3.149.2) as « = (1— A)(C +1). With this a, the two sides of equatio 
(3.149.2) are evaluated. In general, they will not be equal, and so another gu 
is made until, by a process of iteration, the value of x is found which satisfi 
equation (3.149.2). Since 7, is known, this gives B?, as required.* 

3.150. In order to determine the dimensions of the critical reactor, the valu 
of B? just obtained is set equal to the appropriate expression in Table 3.7 for th 
required shape. The critical volume and dimensions for this shape can then 
readily calculated. 

Ezample Calculate the critical volume (at ordinary temperature) of a spherical reac 


containing beryllium and uranium-235 in the atomic ratio of 10‘ to 1. 
The basic data for thermal neutrons at ordinary temperature are as follows: 


* For a graphical method of solving the critical equation, see I, T, Miles and H. 
Nucleonics, 11, No. 1, 66 (1958). 
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Lm = 23.6 cm (Table 3.1) 
T™ = 98 cm? (Table 3.4) 
Gam = 0.009 barn (Table 2.7). 
Cau = 650 barns (Table 2.10) 
n = 2.1 (Table 1.7). 


In addition, N;,,/N. is given as 104. Consequently, 


185 


For beryllium: 


For uranium-235: 


2 = Nandan > (10%)(0.009) > 1 
aattl_ @2+) _ 
mw 172) ~ 
5H 2 UO 


 metm — (2.1)(7.2)(98) 


The preliminary value of t= (1 — A)(C + 1) is thus 0.63, but insertion into equation 
(3.149.2) shows the right side to be too large, so that this value of x is also too large. 
By a process of iteration x = B*r,, is found to be 0.37, so that 


0.37 
=o = 3 ie 
Be 98 3.8 X 107 cm. 
Irom Table 3.7, the critical volume of a sphere is related to the buckling by 
130 13 
V=a = ee = 5.4 X 10° cm’, 


which is roughly 20 ft*. The radius is readily calculated to be about 50 cm or just 
less than 20 in., including the extrapolation distance. 


3.151. A simpler type of problem which can be solved with the same equations 
is to determine the composition of a given fuel-moderator system which will be 
critical for a specified size and shape. Introducing the definition of z, as given 
in § 3.145, equation (3.148.1) can be rearranged to 


Deak Vee TF , eee (3.151.1) 


Mince B? can be determined from the specified geometry of the reactor, and the 
physical properties cau, gam, Lm, n, and tm may be regarded as known for the 
reactor materials, the composition of the system, as expressed by Nim/N., can 
bo readily evaluated. 

3.152. As an aid to calculations and in order to give some indication of the 
magnitudes involved, N»/N. has been determined as a function of B*, by means 
of equation (3.151.1), for pure uranium-235 as fuel and either heavy water 
beryllium, or carbon (graphite) as moderator. The results are plotted in Fig. 
4,18." (A curve for ordinary water as moderator is also given, but this will be 
(lincussed later, since it is derived in a different manner.) In the case of heavy 
water as moderator, V,, refers to the number of molecules of this substance; for 


* Based on calculations made by M, C, Edlund, 
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Fic. 3.18. Relationship between buckling and composition of thermal reactors 
with pure uranium-235 as fuel 





the other moderators it represents the number of atoms. If the composition of 
the fuel-moderator system, i.e., N»/N., is specified, then B? can be obtained 
from the figure; the critical dimensions for a given shape can then be calculated, 
On the other hand, if the geometry is specified, B? is known and the composition 
required to make the system critical can be read from the curves. 


Minimum Critica Mass 


3.153. It can be seen from Fig. 3.13 that as the ratio of moderator to fuel is 
increased, the dimensions of the critical reactor must increase. It is of interest 
to note, however, that by varying the composition of the mixture, i.e., by chang= 
ing the moderator-to-fuel ratio, it is possible to obtain a system which will 
become critical with a minimum mass of fuel. It will be shown, in the fi 
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place, that there are two conditions under which the mass of fuel becomes 
infinite. 

3.154. One occurs when k is unity, so that the critical reactor is infinitely 
large, and B? is zero. In these circumstances, equation (3.145.3) reduces to 


aa am | 

z+1 : 
so that 

2= es. 

n—1 

The same result, of course, can be obtained by writing k = nf = 1, where f is 
given by equation (3.145.2). In view of the definition of z by equation (8.145.1), 
it follows that the critical reactor becomes infinitely large when 


Nm _ au(n — 1) (3.154.1) 


u Tam 


If Nm/Nu is greater than this, the system cannot maintain a chain reaction 
because of excessive neutron absorption in the moderator. For a homogeneous 
mixture of uranium-235 and graphite, for example, oa, is 650 barns, cam iS 
0.0045 barn, and 7 — 1 is 1.1; the limiting value of the moderator-to-fuel atomic 
ratio is thus 1.37 10° to 1. 

3.155. The existence of this limiting ratio of moderator to fuel is also apparent 
from Fig. 3.18. It is seen that the curves fall off steeply to the right and tend 
toward an asymptotic value of N,,/N. as B® decreases and the reactor dimen- 
sions increase. If the proportion of fuel is less than the limiting value, the 
reactor cannot be made critical, no matter how large it is and what mass of fuel 
it contains. It may be noted, incidentally, that according to equation (3.154.1) 
(he asymptotic values of N,,/N, are inversely related to the microscopic absorp- 
(ion cross sections of the moderators; the latter are in the order: water > beryl- 
lium > graphite > heavy water, in agreement with the positions of the curves 
in Fig. 3.13. 

3.156. The other condition for infinite mass of fuel is that Nin/N.u should be 
yoro, as implied by the flattening of the curves at the left of Fig. 3.13. It is 
noon from equation (3.151.1) that the ratio of NV, to N. will become zero when 
ye" = 1, The corresponding asymptotic value of B? is then inversely pro- 
portional to tm, the age of thermal neutrons in the moderator. The latter 
follow the order: graphite > heavy water > beryllium > water, so that, in 
accordance with Fig. 3.18, the asymptotic values of the buckling are in the 
reverse order. 

3.157. It should be mentioned that this second condition for infinite mass of 
fuel, ie., when V,,/N, is zero, has no significance for the present problem because 
it refers to a system consisting of essentially pure uranium-235 and no moderator. 
Much a system would not, support a thermal-neutron chain reaction, and 7,, no 
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longer refers to the age of thermal neutrons in the moderator. Actually, as the 
proportion of uranium-235 is increased, relatively more fissions are caused by 
neutrons of intermediate and higher energies. The theory of thermal-neutron 
chain reactions then breaks down and predicts critical masses which are too 
large. 

3.158. Between the two conditions — one corresponding to a very large value 
of N,,/N, and the other to a very small value of this ratio — for which the mass 
of fuel in the critical reactor becomes infinite, there must be a moderator-to-fuel 
ratio for which the critical mass of fuel is a minimum. The physical basis of 
this result will be apparent from the following considerations. When N,,/N,, is 
zero, i.e., 2 is infinite, the multiplication factor k has its maximum value, which 
is equal io 1, a8 may be seen from equation (3.145.3). As Nn/Ny is increased, 
however, k does not change very much, at first. Thus, for a mixture of uranium- 
235 and graphite, k is 0.997 even when Nn/N, is as high as 1.4 X 10%. This 
means, then, when N,,/N, is 1.4 X 10°, the critical reactor will have the same 
nonleakage probability within about 1 per cent, and hence the same size, as 
when N,,/N, is almost zero.* The greatly increased moderator-to-fuel ratio in 
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Fie. 3.14. Relationship between critical mass and composition of bare, spherical thermal 
reactors with pure uranium-235 as fuel 
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*Tt is assumed that L? and 7 are roughly the same in the two cases, although this is not 
strictly true, 
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essentially the same total critical volume obviously means a large decrease in 
the critical mass of fuel as N»/N. increases. 

3.159. As the ratio N.»/N. increases still further, k begins to fall off rapidly. 
Consequently a-large increase is necessary in the nonleakage probability, and 
hence in the reactor size, if the system is to be critical. Beyond a certain point, 
the critical volume increases more rapidly than N»/N, and then the critical 
mass of fuel begins to increase with increasing moderator-to-fuel ratio. It is 
evident, therefore, that there must be certain ratio of the given moderator to 
fuel for which the critical mass of fuel is a minimum. 

3.160. If the reactor composition and geometry, i.e., Nm/N. and B?, respec- 
tively, are known, it is not a difficult matter to calculate the critical mass of 
fuel, using the densities of the fuel and moderator. This has been done for 
systems consisting of uranium-235 as fuel and either heavy water, beryllium, or 
graphite as moderator, the required data, except for the densities, being obtained 
from Fig. 3.18. The results plotted in Fig. 3.14* show the dependence of the 
critical mass of uranium-235 in a bare (spherical) reactor, i.e., one without a 
reflector, upon the composition, as expressed by the ratio N,,/Nu. The existence 
of a minimum critical mass is apparent in each case. 

3.161. It should be noted that, although some of the arguments presented 
bove have been based on the supposition that pure uranium-235 is the fuel, 
(he general conclusions are applicable to thermal reactors of all types. No mat- 
ter what the nature of the fuel or the shape of the reactor, there will, in prin- 
ciple, be a particular moderator-to-fuel ratio for which the critical mass of fuel 
is & minimum. 


Water AS MopERATOR 


3.162. It was stated in § 3.87 that the continuous slowing down model, which 
leads to the neutron age concept, cannot be expected to apply when ordinary 
water is the moderator. This has been confirmed by the experimental fact that 
(he spatial distribution of neutrons about a point source of fast neutrons in water 
(unnot be represented by a simple exponential equation of the form of (3.93.1). 
‘The critical equation (3.108.2) does not apply to reactors in which water is 
moderator, but the expression 


k 
(1 + L?B*)(1 + LB?)(1 + L?B?)(1 + L;?B?)(1 + L.?B?) 


Which is, in @ sense, an extension of equation (3.123.1) may be used. In equa- 
tion (8.162.1), ZL is the diffusion length of thermal neutrons in the water-fuel 
ayatem, and the quantities Ly, Le, D3, Ly, are derived from experimental measure- 
ments on the spatial distribution of neutrons in water arising from a point source 
of fast neutrons. ‘The values found are 4.49, 2.45, 2.05, and 1.00 cm, respec- 
lively. If the infinite multiplication, k, is known, it is thus possible to calculate 


=1, (3.162.1) 


* Hased on calculations made by M, ©, Edlund, 
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from equation (é.162.1) the buckling and, hence, the critical size of a reactor in 
which water is the moderator. 

3.163. For a system in which pure uranium-285 is the fuel, the value of k is 
given by equation (3.145.3); the absorption cross section of the fuel, au, 1s 650 
barns and that of the water moderator, cam, is 0.66 barn. The results of the 
calculations of B and of the critical mass of fuel, as functions of the moderator- 
to-fuel ratio, N,,/Nu, have been given in Figs. 3.13 and 3.14, respectively. It 
should be emphesized that the data refer to a bare reactor, without a reflector. 
In this case the minimum critical mass of uranium-235 is about 2.7 kg; however, 
with a good neutron reflector an aqueous solution containing less than 900 grams 
of uranium-235 ean be made critical. 


CALCULATION OF NEUTRON LIFETIME 


3.164. Since the required information is now available, it is of interest, at this 
point, to estimate the neutron lifetime in a thermal reactor (§ 3.102). By com- 
bining equations (3.102.1) and (3.127.1), the result is 


oe (3.164.1) 


~ ySa(1 + L?B?) 


By equation (3.34.1), 2. = D/L’, where D and L refer to the reactor, i.e., to 
the fuel-moderator system. As seen in § 3.147, L? is equal to Dn(1 — f)/Zam; 
but since the difusion coefficient is actually that in the reactor, D may be sub- 
stituted for D,. Upon making these replacements, it is found that 2, is equal 
to Dam/(1 — f), so that equation (3.164.1) becomes 

ep ott eee, 

~ VZam(1 + LB?) 

Further, 1/v2am 8 the diffusion time (or lifetime) in the moderator alone, as given 
in Table 3.6; if this is represented by ln, then 


l 


Pe ln(1_ — f) 
1+ LB? 

Finally, Z? in the denominator may be replaced by Ln?(1 — f), so that 
lm(1 a ) 


tT hae 


from which the lifetime of thermal neutrons in the reactor can be readily 
estimated. 


Example Calculaie the lifetime of thermal neutrons in the reactor considered in the 
example following § 3.150. 

Since the modemtor is beryllium, lp is 4.3 X 10~% sec (Table 3.6) and Lm is 23.6 om, 
By equation (3.145.2), the value of 1 — f is given by 1/(2 + 1), which is 1/8.2, i.e, 
0.12, for the reactor under consideration, For this reactor, too, B® was found to 
3.8 X 107% em=*, Consequently, 
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= (4.3 X 107%) (0.12) 
~ 1+ [(23.6)2(3.8 & 10-%)(0.12)] 
The required thermal-neutron lifetime is thus 4.2 X 10-4 sec. (The main reason why 


this is so much smaller than in the moderator alone is because of the greater probability 
of neutron absorption in the fuel-moderator mixture.) 


l = 4.2 X 10 sec. 


HETEROGENEOUS NATURAL URANIUM REACTORS* 


EFFECTIVE RESONANCE INTEGRAL 


3.165. A reactor with natural uranium as fuel can be made critical if, instead 
of using a uniform mixture of fuel and moderator, the system is constructed as 
a heterogeneous lattice consisting of lumps (or rods) of natural uranium ar- 
ranged in a matrix of graphite. Although such an arrangement results in a 
decrease in the thermal utilization, this is more than offset by the increase in the 
resonance escape probability. With the proper choice of dimensions and spac- 
ing of the fuel rods the infinite multiplication factor can be made to exceed 
unity, provided that neutron-absorbing impurities are kept to a minimum. 

3.166. The increase in the resonance escape probability resulting from lump- 
ing of the fuel is due mainly to the decrease in the effective resonance integral, 
as compared with that for a uniform system of the same composition. The 
physical interpretation of this fact is that, because of the high resonance peaks 
of uranium-238, neutrons which are slowed down to resonance energies in the 
moderator are largely absorbed in the outer layers of the uranium lump. The 
resonance flux within the lump is, consequently, sharply depressed, and as a 
result the resonance absorption is decreased compared with the thermal absorp- 
tion. By postulating that the effective absorption cross section for a lumped 
system can be separated into two parts, namely, volume absorption and surface 
wbsorption, it has been found that the experimental values of the effective reso- 
nance integral (per atom) for natural uranium at ordinary temperatures can be 
expressed approximately by 


f bein ee oe = 9.25 + 24.7 5 barns, (3.166.1) 


where S is the surface area of the uranium lumps in cm? and M is the mass in 
grams. 

3.167. It is evident from equation (3.166.1) that the effective resonance 
integral will increase as the lumps are made smaller, i.e., as S/M is increased. 
lor a given fuel-to-moderator ratio, the resonance escape probability will thus 
dlecrease as the system approaches uniformity. For lumps consisting of long 

* For a general discussion of the theory of heterogeneous reactors, see S. Glasstone and 
M, ©, Edlund, op, cit, Chapter IX. Applications of the theory to criticality calculations of 
natural uranium-graphite systems are given by E. A. Guggenheim and M. H. L. Pryce, 


Nuoleonica, 11, No, 2, 50 (1953); see also, R. O. Fornaguera, et al., Chem. Eng. Prog. Sym- 
powium Series, No, 12, 50, 88. (1954), 
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rods or spheres of uranium metal of 1 cm radius, the value of S/M is roughly 
0.1, and so the effective resonance integral is approximately 12. This may be 
compared with an experimental value of 100 for the uniform mixture containing 
0.0025 part of uranium metal to one of graphite which gives the maximum value 
of the product pf in Table 3.8. The much smaller resonance integral for the 
heterogeneous arrangement means that the resonance escape probability can 
be much closer to unity, for the same over-all composition. 

3.168. It should be mentioned that the decrease in the effective resonance 
integral due to lumping of the fuel is to be attributed, ultimately, to the fact 
that the uranium-238 resonances are high and narrow (see Fig. 2.18). There is 
thus a considerable probability that neutrons having energies at, or very close 
to, the resonances are absorbed in the outer layers of the lump. All others with 
energies above thermal will have a high probability of passing through the lump 
and re-entering the moderator, where they are slowed down. If the uranium 
resonances had been broad and low, the absorption in the outer layers would be 
less, and uranium nuclei in the interior of the lump would be exposed to a rela- 
tively higher resonance flux. Further, because of the wider range of neutrons 
absorbed, the proportion returning to the moderator would be decreased. Both 
these effects would result in a decrease in the resonance escape probability. 

3.169. Another, although less important, increase in the resonance escape 
probability, amounting to a few per cent only, in a lumped system arises from 
the fact that some of the neutrons will be slowed down through the resonance 
region to thermal energies in the moderator without coming into contact with 
fuel nuclei. Such a situation would not be possible in a uniform mixture of fuel 
and moderator. 


RESONANCE EscAPE PROBABILITY 


3.170. The expression for the resonance escape probability given earlier, i.e., 


equation (3.135.3), is applicable to a uniform’ mixture where both fuel and — 


moderator are exposed to the same neutron flux (see § 3.78). For a hetero- 
geneous system, the equation must be modified and now takes the approximate 


form 
NiuVubu dE y 17 i 
se [- abe f (Gav)ett Fy } (3.1708 


where V,, and V, are the volumes of moderator and fuel in the lattice, and om 


and ¢, are the average values of the resonance flux in the moderator and in the 
interior of the fuel lump, respectively. The ratio @m/ou is called the disadvantage 
factor for resonance neutrons. 

3.171. For a given ratio of moderator to fuel, i.e., Vn/Vu constant, the deple- 
tion of the resonance flux, and $m/u, will be greater, the larger the radius of 
the fuel lumps. Hence for a specified composition, the value of p(2) will 
increase with increasing size of the lumps because of the gain in the disadvantage 


{ 
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factor ¢m/¢.. This will be in addition to the increase due to the change in the 
effective resonance integral. On the other hand, for lumps of specified size, so 
that ¢$n/¢. is approximately constant, the resonance escape probability will 
increase as V,,/V, increases. The general conclusions are therefore that the 
resonance escape probability will increase (1) with increasing radius of the fuel 
lump (or rod) at constant moderator-fuel ratio, and (2) with increasing value of 
the moderator-fuel ratio, Vm/V., at constant radius of the fuel lump (or rod). 

3.172. The calculation of the resonance escape probability in any particular 
case requires a knowledge of the resonance disadvantage factor ¢m/¢u, and this 
is determined from the physical properties and geometry of the heterogeneous 
lattice. For this purpose a quantity f,, called the resonance utilization, because 
of its analogy to the familiar thermal utilization (§ 3.133), is introduced. It is 
defined as the ratio of the neutrons absorbed by the fuel in the resonance region 
to the total number of resonance neutrons produced. As a result, equation 
(3.170.1) can be transformed into 


AS _ N. uZiam . Tr dE 
pen eo EZenZeu 1 — ral Sela i 
The evaluation of f, is based on the relationship 


1 = VmZam 


pes. (3.172.1) 


where F and E are known functions of the diffusion length of resonance neutrons 
in fuel and moderator, and of the reactor geometry, i.e., the over-all shape of 
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the system and the size of the fuel rods (or lumps) and their spacing in the lat- 
tice. It should be noted that the cross sections refer to resonance neutrons, and 
the value for the fuel (natural uranium) is obtained from the effective resonance 
integral given earlier. Bier: 
3.173. The results of some calculations of the resonance escape probability in 
various lattices consisting of a square array of rods of natural uranium in a 
matrix of graphite are shown in Fig. 3.15. The radius of the rod is represented 
by 7o and the symbol r; indicates what is called the cell radius; the latter is the 
radius of a circle having the same area as the unit square upon which the lattice 
is based. The value of V/V. for the array with cylindrical fuel rods is equal 


to (r2 — ro°)/re, since this is the ratio of the geometrical cross sections (and — 


volumes) of the graphite and uranium cylinders in a unit cell. 


THERMAL UTILIZATION 


3.174. As stated earlier, lumping of the fuel results in a decrease in the thermal 
utilization. Disregarding absorption of neutrons by impurities, equation 
(3.133.1), for a heterogeneous system, may be written as 


fm — ZauVudy (3.174.1) 
Lau ubu + LamV mbm 1 + Zam y Vind : 
Lau Viubu 


where $m and ¢, are now the average values of the thermal-neutron flux in mod- 
erator and fuel, respectively; the macroscopic absorption cross sections also, of 
course, refer to thermal neutrons. For a given volume ratio of moderator to 
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fuel, the thermal utilization will decrease as the thermal disadvantage factor 
$m/u increases. The effect of changing the radius of the fuel lump is thus the 
reverse of that on the resonance escape probability. Similarly, for a lump of 
given radius, an increase in V,,/V, would cause a decrease in the thermal 
utilization, whereas the resonance escape probability would be increased. It 
is seen, therefore, that the thermal utilization should increase (1) with decreasing 
radius of lump (or rod) at constant composition, and (2) with decreasing Vin/ Vu 
at constant radius of fuel lump (or rod). 

3.175. In order to evaluate the thermal utilization for any particular hetero- 
geneous fuel-moderator lattice, its reciprocal is written in a form exactly equiva- 
lent to equation (3.172.1), except that Zam and S., are now thermal-neutron 
absorption cross sections. The functions F and E are the same as before, with 
the diffusion lengths also those for thermal neutrons. The results of some 
calculations for a square lattice of uranium rods in graphite are given in Fig. 3.16. 


Fast-rission Factor 


3.176. Since 7 may be regarded as known for natural uranium (§ 3.130), there 
remains only the fast-fission factor « to be determined in order that the infinite 
multiplication factor may be evaluated for a given lattice. The method of cal- 


FAST~FISSION FACTOR 
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lia. 3.17. Fast-fission factor in natural uranium fuel rods 


(ulation is based on probability theory and requires a knowledge of fission, 
honfission capture, and inelastic and elastic scattering cross sections for fast 
heutrons in the fuel. The values of ¢ increases with the probability that a 
primary fission neutron will make a collision of some kind inside the fuel rod (or 
lump) in which it was created. As may be expected, this probability increases 
with the total neutron cross section of the fuel material and with the radius of 
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the rod, and consequently so also does the fast-fission factor. Lumping of the 
fuel thus provides some advantage, although a relatively small one, due to the 
increase in the fast-fission factor. ‘The dependence of ¢ upon the radius of a 
cylindrical fuel rod of natural uranium is indicated in Fig. 3.17. In the Oak 
Ridge (X-10) graphite-moderated reactor and in the heavy-water moderated 
CP-3, the rod radius is about 1.4 cm, so that ¢ is 1.030. 


DETERMINATION OF OPTIMUM LATTICE 


3.177. An examination of Figs. 3.15 and 3.16 shows that the conditions which 
favor an increase in the resonance escape probability are just those which cause 
the thermal utilization to decrease, and vice versa. The problem in the con- 
struction of a heterogeneous lattice is to determine the particular arrangement 
of fuel and moderator that gives a maximum value of the product pf. The 
procedure used is to consider a number of fuel-moderator lattices, with various 
_ rod radii and lattice spacings (cell radii), and to calculate the values of p, f, and € 

for each lattice. Then, using the known value of , the corresponding infinite 
multiplication factors, k, can be determined. 


Example In the Oak Ridge natural uranium-graphite reactor the cylindrical fuel rods 
of 1.1 in. diameter are arranged in a square lattice with a pitch of 8 in. Neglecting the 
effect of the aluminum cladding of the rods and the air space around them, evaluate 
the infinite multiplication factor of the system. — 

Since 7 for natural uranium is known to be 1.32 the problem involves the calculation 
of p, f, and e¢; these will be considered in turn. To calculate p, equation (3.170.1) will 
be used and the values of the various component factors will first be determined. The 
calculation of the resonance disadvantage factor ¢n/¢. is lengthy and it will be assumed 
to be unity, since experience has shown that this is a fair approximation for the given 
lattice. The value of Vm/Vz, as seen in § 3.173, is given by (nm? — 70?)/ro?, where ary’ is 
equal to the area of a unit square, i.e., 64 in.?, so that r2 = 64/7 in.2; 79, the rod radius, — 
is 0.55 in. Hence, 

Vin re — Te = (64/7) = (0.55)? 
(0.55)? 





The quantity N.u/Zsm may be written as Nu/NnOsm, Where osm for graphite is 4.8 barns, 
In order to determine N.,/Nm it is found from equation (2.113.1) that 


Nu _ Pum 


ue 


Nm PmAu 
where the p’s and A’s are the densities and atomic weights, respectively, of the fuel and 
moderator. For uranium p, is 19.0 g/cm’ and A, is 238, whereas for graphite pm is 
1.62 g/cm? and A,, is 12.0, so that 

Nu _ (19.0)(12.0) 
Nm (1.62) (238) 


Since & for graphite is known to be 0.158, there remains only the effective resonan 
integral to be evaluated from equation (3,166.1). Neglecting the surface area of 





= 0.592. 
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ends of the rods, since this is a small fraction of the whole in a long cylindrical arrange- 
ment, the ratio of surface to mass, i.e., S/M, for a cylindrical fuel rod of radius 79 is 
given by 

S  _Qarm 2 


with ro expressed in cm and p, in g/em’. The rod diameter is 1.1 in. and so the radius 


ro is 1.40 cm; consequently 
S 2 
M ~ (a0(19.0) ~ °°" 


and, by equation (3.166.1), 


dE 
J (oodet E 


Upon substituting the foregoing results into equation (3.170.1) it is found that 
wes eep [ - (0.592) (11.1) 
(0.158) (4.8) (66.5) (1.0) 
= €-9:139 = 0.873. 


9.25 + (24.7) (0.0752) 


= 11.1 barns. 


The calculation of f is made by means of equation (3.174.1) and here 
Zam Rs NinGam 
Dau = NuGau : 
where the o’s are the thermal absorption cross sections, i.e., 0.0045 barn for graphite 


and 7.42 barns for natural uranium. Since N,/N,, has already been found to be 0.592 
it is seen that , 


Zam _ Nam _ __0.0045 
Lau NuGau (0.592) (7.42) 
= 1.02 x 107%. 


The value of Vm/Vu is 66.5, as seen earlier, and so there remains only the thermal dis- 
wdvantage factor, dn/du, to be determined. For fuel-moderator arrangements of prac- 
(ical interest this may be taken as approximately 1.5, which means that the average 
(hermal-neutron flux in the fuel rod is about two thirds of the average value in the 
moderator, It is then found from equation (3.174.1) that 


jm regent ane ete hea 
1+ (1.02 x 10-%)(66.5)(1.5) 1.102 


= 0.90s. 


"rom Fig. 3.17, the value of € for a rod 1.40 cm radius is 1.030, so that the infinite 
multiplication factor is given by 


k = nepf = (1.82) (1.030) (0.878) (0.903) = 1.08;. 


(The actual value of & for the system under consideration is about 1.065, the difference 


holng partly due to the neglect of neutron absorption in the aluminum cladding of the 
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fuel elements and in the cooling air, and also to some extent to the approximate nature 
of the calculation given above.) 


3.178. Some indication of the results obtained from a series of calculations 
similar to that just described may be obtained from the data in Table 3.9.* 
These refer to a natural uranium-graphite lattice, with cylindrical fuel rods of 
1.25 em radius located in cells of various radii. Allowance is made in each case 
for an aluminum cladding 0.115 em thick and a 2-cm air space surrounding each 
fuel rod. The value of 7 used in the calculations is 1.308 and that of ¢ for the 
given rods was taken to be 1.028. 


TABLE 3.9. PROPERTIES OF HETEROGENEOUS 
NATURAL URANIUM-GRAPHITE LATTICES 


Cell Radius (em) f p k 
10 0.907 0.866 1.055 
11 0.888 0.905 1.0625 
12 0.8765 0.9085 1.060 
13 0.846 0.923 1.0495 


3.179. It is apparent that, for a specified rod radius, the value of k passes 
through a maximum as the cell radius, i.e., the pitch of a square lattice, is in- 


creased. This maximum generally occurs when the values of p and f, one of 


which decreases regularly while the other increases, are almost equal. 


3.180. If a particular cell radius is chosen and the calculations performed for — 


different radii of the fuel rods, somewhat similar results are obtained. With 
increasing rod radius the values of f increase, whereas those of p decrease, so 
that k has a maximum for a particular radius. By combining the various data 
it is thus possible to choose the best dimensions for the reactor. Tt was on the 
basis of such calculations that the lattices of the natural uranium-graphite 
reactors were designed, e.g., rod radius 1.4 em (about 1.1 in. diameter) and 
11.5 em cell radius (about 8 in. pitch in square lattice). f 


Hravy-WatTer-MopEerAteD HETEROGENEOUS REACTORS 


3.181. If heavy water is used instead of graphite as moderator in a hetero- 
geneous reactor with natural uranium as fuel, appreciably higher values of the 
infinite multiplication factor are possible. Although ,,, for heavy water is not 
greatly different from that of graphite (see Table 8.9), the fact that & for the 
former is 0.51, compared with 0.158 for the latter, means that, according to 
equation (3.170.1), the resonance escape probability, under equivalent condi- 
tions, will be much closer to unity when heavy water is the moderator. For 


* . A. Guggenheim and M. H. L. Pryce, loc. cit. 
+ For an analytical procedure, see I. C. Atkinson and R. L. Murray, Nucleonics, 12, No, 4 


50 (1954), 
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instance, in the system described in the example following § 3.177, the value of 
p would be increased to about 0.96 if the graphite were replaced by heavy water. 
The reason for the increase in the resonance escape probability is that the aver- 
age energy change per collision is greater than in graphite, so that the neutrons 
are more likely to be slowed down past the resonance region in a collision. 

3.182. In addition to the increase in the resonance escape probability in heavy 
water, there is also an increase in the thermal utilization. This is due to the 
smaller macroscopic absorption cross section than for graphite. It will be seen 
from equation (3.174.1) that a decrease in Zam will result in an increase in f, 
which may well be as high as 0.95 if the other terms remain essentially un- 
changed. In other words, by the use of heavy water a smaller proportion of the 
neutrons are lost by capture in the moderator. Taking 7 as 1.32 and « as 1.03, 
it is possible for k to be about 1.25 or 1.20, at least, if allowance is made for 
extraneous neutron capture in the fuel-element cladding, etc. As a result of 
the significant increase in the infinite multiplication factor, a heavy-water mod- 
erated reactor can have a smaller critical size and require less fuel than one 
moderated by graphite, in spite of the smaller diffusion length in the latter. 

3.183. Because heavy water is a better moderator than graphite, a smaller 
ratio of moderator to fuel is necessary. Consequently the fuel rods can be 
more closely spaced when heavy water is the moderator. This was the case in 
the CP-3 reactor, for example, where the 1.1-in. diameter rods of natural ura- 
nium were arranged 5% in. apart, as compared with 8 in. in graphite. The 
decrease in the value of Vn/V. causes a small decrease in the resonance escape 
probability, but there is some compensating increase in the thermal utilization, 
40 that the over-all effect on k is small. The reduction in the quantity of the 
expensive moderator (and fuel) is, however, important. Thus a bare reactor 
moderated by heavy water and having natural uranium for the fuel requires 
about 3 to 4 tons of uranium and 7 tons of moderator for criticality, as compared 
with something like 50 tons of uranium and 280 tons of moderator when graphite 
is used. 


ORDINARY WATER AS Moperator: SLIGHTLY ENRICHED FUEL 


3.184. Ordinary water is a better moderator than heavy water in the respect 
that both £ and 2,» are larger. As a result it is to be expected that a higher 
resonance escape probability can be achieved in ordinary water, although a 
value as high as 0.96 is possible in heavy water, so that the advantage of ordinary 
water in this connection is not significant. However, because of the much 
larger macroscopic absorption cross section for thermal neutrons in ordinary 
water (0,022 em=!, compared to 8.5 X 10-° in heavy water and 3.7 X 10-* cm— 
in graphite) there is an inevitable large decrease in the thermal utilization. In 
(act, it is doubtful whether f can exceed 0.75 when p is up to 0.96: The maxi- 
mum value of the multiplication factor in any arrangement of natural uranium 
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in ordinary water is probably less than unity, so that it appears to be impos- 
sible to obtain a critical system.* 

3.185. The problem of attaining criticality with water as moderator can be 
solved by the use of enriched fuel. The treatment of mixtures containing 
highly enriched fuel material, e.g., almost pure uranium-235, was given earlier, 
and a brief discussion will be presented here of slightly enriched fuels. Such 
fuel materials used in conjunction with ordinary water as moderator are likely 
to be of interest for power production, as will be seen later. The most important 
effect of enrichment in uranium-235 is the increase in 7, as is apparent from the 
results in Table 3.10. It will be noted that even a small degree of enrichment 
can produce a marked increase in 7; thus the change from 0.71 per cent of 
uranium-235 (in natural uranium) to 2.0 per cent already increases 7 roughly 
halfway toward the value for pure uranium-235. 


TABLE 8.10. MULTIPLYING PROPERTIES OF ENRICHED FUELS 


Uraniwm-235 k 
(per cent) n (approz.) 
0.71 1.32 0.97 
1.00 1.4 Ll 
1.20 1.56 lly 
1.50 1.65 1.24 
2.00 1.73 1.31 
100 2.1 1.6 


3.186. Besides causing an appreciable increase in y, enrichment of the fuel 
could decrease the effective resonance integral, and so increase the resonance 
escape probability, due to the smaller proportion of uranium-238 present. 
However, this will probably be more than offset by the effect of the smaller 
spacing between the fuel elements in ordinary water, as compared with other 
moderators, and the resulting decrease in V;,/V.. As seen from equation 
(3.170.1), such a change will cause p to decrease. On the other hand, equation 
(3.174.1) shows that a decrease in Vin/Vu, i.e., a decrease in the proportion of 
the neutron-absorbing moderator, will be accompanied by an increase in the 
thermal utilization. Since p and f change in opposite directions, the product 
will be very roughly constant, and on this basis the approximate maximum multi- 
plication factors recorded in Table 3.10 have been estimated. The actual values 
will vary with the size of the fuel rods (or plates) and their spacing, and they 
will be decreased by parasitic neutron capture in cladding, ete. Nevertheless, 
the data indicate that a critical system with ordinary water as moderator can 
be obtained with a fuel containing 1 per cent of uranium-235. A further in- 
crease in the enrichment results in an increase in k, so that reactors of smaller 
size are possible. 


* Of, R. Persson, Nucleonics, 12, No, 10, 26 (1954), 
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3.187. It may be remarked that the main purpose of fuel lumping, which is 
to increase the resonance escape probability, is less important for water than 
for other moderators, especially when the spacing between the fuel elements is 
relatively small. In these circumstances N,,,/N, is small and so also is Yem/Nu} 
the effective resonance integral for the homogeneous system, as expressed by 
equation (3.136.1), is then relatively small and there is not a great deal to be 
gained by making the system heterogeneous. Because of this circumstance an 
arrangement of closely spaced fuel elements of enriched uranium in water as 
moderator can be treated, for purposes of calculation, as being homogeneous, 
although it is actually heterogeneous. It should be noted, however, that whereas 
the fast-fission factor in a homogeneous system is close to unity, it can be 
appreciably larger in a uranium-water lattice. 


CALCULATION OF CRITICAL SIZE 


3.188. The critical equation (3.108.2) is strictly applicable to homogeneous 
systems. However, if the fuel rods (or plates) are not very close together, the 
over-all neutron flux and slowing down density distributions in a heterogeneous 
system, apart from variations within the fuel itself, will be similar to that in a 
homogeneous reactor. The critical equation for the heterogeneous arrangement 
will then have the same form as equation (3.108.2). Natural-uranium reactors 
are inevitably large, as k is not much greater than unity, even when heavy water 
is the moderator, and so equation (3.123.3) may be used. The buckling of the 
system is then given by 

k—1 


ag Te 





where M? = [? + 7. 

3.189. Since k may be regarded as known, the calculation of B’, and thus of 
the critical size, involves the determination of the appropriate values of L? and r. 
It can be shown that L? is equal to L,,2(1 — f), which is of the same form as for 
a homogeneous system (§ 3.147), with f having the value appropriate to the 
ehosen lattice. The thermal-neutron age, 7, may be expected to be somewhat 
larger than for the moderator alone, because uranium contributes little to the 
slowing down of neutrons by elastic collisions. In this respect, the fuel lumps 
consequently behave as voids. However, this tendency to increase 7 is opposed 
by the inelastic scattering of high-energy neutrons by uranium nuclei. The 
value of 7 for the given lattice can be calculated, but as a rough approximation 
the age of thermal neutrons in a heterogeneous lattice may be taken to be about 
10 per cent larger than for the pure moderator. 

3.190. With k and M? available, the magnitude of B? in the bare critical reac- 
tor can be evaluated. As before, this is set equal to the appropriate expression 
for the buckling (Table 3.7), and the dimensions of the critical reactor can then 
be calculated. 
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Example From the data already given, estimate the mass of natural uranium required 
to make a bare cubical reactor, with graphite as moderator, just critical. 

The best value for k is probably 1.065, and then f will be 0.889 (Table 3.9). For 
graphite, Ln? is 2500 cm? (Table 3.1), and so L* for the reactor, which is equal to 
Lm(1 — f), as stated above, is 280 cm’. The thermal age, 7, in graphite is 350 cm? 
(Table 3.4), but in the reactor it is somewhat larger, so that 400 cm? is a good estimate. 
Consequently, M? = L? + 7 = 280 + 400 = 680 cm’, and 


p= tt 7 D _ 96x 10 em. 


For a cubical reactor, B? = 3(a/a)*, where a is the edge length: hence, 


29 TY _ @G14* _ or 
a (3) 9.6 X10 31 X 104 cm’. 


The edge length, a, is thus 560 cm, or nearly 19 ft. This includes the extrapolation 
distance, but as it is only about 2 cm it may be ignored. 

Assuming the lattice to consist of a square array with a pitch of 8 in., the cross section 
of a unit cell is 64 in2, or 410 cm?. Since the area of a face of the cube, which is equal 
to a2, is 31 X 104 cm’, it is seen that there must be 31 X 104/410 = 750 unit cells. Each 
cell contains the equivalent of a single rod of fuel, and so there are 750 fuel rods. 

The radius of a fuel rod may be taken to be 1.4 cm and its length is equal to that of 
the cube edge, i.e., 560 cm. The total volume of the 750 rods is 


Volume of fuel = (2) (1.4)2(560)(750) = 26 X 105 cm’. 


The density of uranium metal is 19 g/cm’, and so the total weight of uranium in the 
bare critical reactor is 


Weight of fuel = (26 X 10°)(19) = 4.9 X 10’ grams = 54 tons. 


(It will be seen later that, by using a reflector, the critical mass of fuel can be reduced 
to little more than half this amount.) 


EXPERIMENTAL DETERMINATION OF CRITICAL SIZE 


Tue CriticaAL ASSEMBLY 


3.191. Confirmation of the calculation of the critical size of a reactor, either 
homogeneous or heterogeneous, is obtained by experiment. The method of the 
critical assembly can be used for reactors of all sizes, but it is more suited to 
small (enriched) reactors. A system consisting of fuel and moderator, in the 
desired proportions and shape, is gradually built up until it approaches the 
critical dimensions. At the center of the assembly is placed a source, emitting 
about 10’ neutrons/sec; this is called the primary source. As a result of the 
fissions induced in the fuel material, there is a multiplication of the primary 
source neutrons. Even though the reactor is less than the critical size, a steady 
state of the neutron flux will be attained, provided the source is present. The 
(subcritical) multiplication is then defined as the ratio of the total thermal- 
neutron flux, due to both the primary source and the fissions, to the flux due to 
the source only, i.e., in the same medium in the absence of fissionable material, 


determined from measurements with sub- 
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3.192. If Q thermal neutrons are obtained from the source, these will produce 
Qker: thermal neutrons at the end of one generation, Qk?.+: at the end of two gen- 
erations, and so on. The effective multiplication factor, kerr, for the particular 
assembly under consideration depends on its size as well as its composition and 
arrangement. The steady-state multiplication of the neutrons in the system 
can then be represented by 


Q + Qkert + Qker? +--+ _ 1 (3.192.1) 
Q 1— kets 





provided ker: < 1, ie., the assembly is subcritical. As the size of the assembly 
is increased and approaches critical, k.+; tends to unity, and the multiplication 
becomes infinite. 

3.193. The multiplication can be determined experimentally by measuring 
the thermal-neutron flux within the assembly at a certain distance from the 
source. The measurement is first made in the absence of the fuel, i.e., with 
source and moderator only, and then repeated at the same position with fuel 
present. The ratio of the two values gives the required multiplication at the 
given point for a particular size of the assembly. The observations are re- 
peated for assemblies of various sizes approaching the critical. 

3.194. In order to determine the actual critical size the reciprocal of the 
multiplication is plotted against. the size of the assembly, as in Fig. 3.18. The 
plot is then extrapolated to zero value 
of the reciprocal multiplication, i.e., in- 
finite multiplication, to give the critical 
size of the system. By making obser- 
vations at two (or more) different positions, 
two (or more) sets of data are obtained, 
and the curves should extrapolate to the 
same point, as shown in the figure. The 
size of the critical reactor can thus be 


s 


Ds 
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critical assemblies. A final check can 
then be made by constructing the critical 
reactor and showing that a chain reaction 
can be maintained in the absence of an 
extraneous source. Fie. 3.18. Determination of critical 
3.195. In view of the statement based mass 

on equation (8.192.1) that the multi- 

plication is infinite when ker: is unity, it might appear that an exactly critical 
reactor, i.e., one for which hk. = 1, would be unstable. In a sense, this is true 
if a primary source is present. For stability, k.;, must be less than unity, but 
the difference from unity may be only infinitesimal, as will be seen from the 
following calculations. A good primary source might be one emitting 10’ 


RECIPROCAL MULTIPLICATION 
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neutrons/sec; in a reactor of volume 10° cm’, this would represent 10 neu- 
trons/ (cm?) (sec). 

3.196. The thermal-neutron flux in a critical reactor might be 2 X 10% 
neutrons/(cm?)(sec), and taking the mean thermal velocity as 2 X 10° cm/sec 
(§ 1.54), the neutron density would be 108 neutrons/cm*. The average lifetime 
of a thermal neutron, e.g., in a natural uranium-graphite system, is about 10-3 
sec. Hence neutrons are produced in the reactor at the rate of 10" neutrons/ 
(cm?)(sec). In other words, the 10 primary source neutrons are multiplied up 
to 10" as a result of the fission chain in the fuel. The neutron multiplication, in 
this case, is consequently 10%. 

3.197. If this result is inserted into equation (3.192.1), it is seen that Ker: is 
1 — 10~°, which is indistinguishable from unity for all practical purposes. 
Therefore, while it is true that if a primary neutron source is present,* as it fre- 
quently is, ke cannot actually be unity, if the reactor is to be stable, the depar- 
ture from unity is so small as to be negligible if the reactor is operating at an 
appreciable power level. In the complete absence of any primary source, which 
is an essentially impossible situation, a steady state could be maintained only if 
kere Were precisely unity. 


Tur EXPONENTIAL EXPERIMENT T 


3.198. In an exponential (pile) experiment, a subcritical assembly is con- 
structed having exactly the same composition and structure as the proposed 
(large) reactor, but with linear dimensions about one third or one fourth of those 
expected for the critical system. If a primary source is present, a steady state 
can be attained in the subcritical assembly, as described above. The flux dis- 
tribution in such an assembly is not the same as that in a critical reactor. 
Nevertheless, it can be shown that if the subcritical system is relatively large, 
as would be the case for a natural-uranium assembly, the over-all (or large-scale) 
thermal-neutron flux distribution, at a distance from boundaries and from the 
source, can be represented fairly well by 


Vo + B% = 0, (3.198.1) 


where B? is the buckling of the given fuel-moderator system when critical. The 
value of B? is determined from measurements of the thermal flux distribution 
in the regions of the large subcritical assembly where equation (3.198.1) may be 
expected to apply. 

3.199. The subcritical assembly, e.g., in the form of a rectangular paral- 
lelepiped or a cylinder, is constructed upon a base from which emerges a constant 
supply of thermal neutrons. The thermal-neutron source may consist of a 


* Such a source is used in some reactors to simplify start-up (§ 6.161), but, in any case, 
spontaneous fission and cosmic rays generally provide a primary source of low intensity, 

+ For theory and experimental details, see 8. Glasstone and M, C, Edlund, op. cit., p. 281, 
et seq., E. C, Campbell, et al., Report AECD-3169; E, R. Cohen, Chem. Eng. Prog. Symposium 
Series, No, 12, 50, 72 (1954), 
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structure of graphite and uranium within which is placed an ordinary neutron 
source, or it may be part of an existing thermal reactor. If z is the vertical 
distance of a point from the bottom of the assembly, then theoretical considera- 
tions show that the thermal-neutron flux in the z-direction is given by 


o(z) = Ce”, (3.199.1) 


where C is a constant. This relationship, which holds at appreciable distances 
from the source and boundaries, means that, in the experimental arrangement 
under consideration, the neutron flux along any line parallel to the (vertical) 
z-axis falls off in an exponential manner. It is for this reason that the system 
has been called an “exponential pile.” 

3.200. According to equation (3.199.1) the plot of In ¢ against z should be a 
straight line of slope —7, so that the latter can be determined from experimental 
measurements of the thermal flux at various points along a z-axis, not too near 
the boundaries of the assembly. The importance of this result lies in the fact 
that — y? constitutes one of the terms in the expression for the buckling (Table 
3.7). Thus, for an exponential assembly having the form of a rectangular 
parallelepiped, with dimensions a and 6 in the x- and y-directions, 


m-()+()-* 


For a cylinder of radius R, 


2 
po — (2408) 


the value of y being obtained from the flux variation in the vertical direction. 
Hence, if y is determined, as just described, the value of B? can be obtained. 
The dimensions of the critical reactor, having the same structure and composi- 
tion as the experimental assembly, can then be calculated. 


Example Estimate the minimum critical mass of fuel required for a bare cylindrical 

reactor with heavy water as moderator in which natural uranium fuel rods of 1.4-cm 

radius are arranged vertically in a square array of 53-in. pitch, from the fact that in an 

exponential experiment with a cylinder of 56-cm radius the value of y, derived from 

the vertical variation of the thermal-neutron flux, was found to be 28.8 < 107? ecm71, 
The value of y? is 825 X 10-* cm and so, for a cylinder, 


2.4 2 2. 2 
pe = (208) — ye = (2208) — 505 x 0+ 


= 1.0 x 10° cm™, 


and hence B is 3.2 X 10? em™. (The extrapolation length should be added to the 
radius of the cylinder to obtain R, but since the reactor is fairly large, its omission will 
not greatly affect the results which are, in any event, approximate.) 

The critical radius and height, respectively, of a cylinder having the minimum volume 
for a given value of B? are 


= 2065 and H = a 


B 
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and in the present case, where B is 3.2 X 10? cm“, it follows that the required critical 
dimensions are radius 92 cm and height 170 cm. 

The cross-sectional area of this cylinder is (7) (92)? = 2.7 X 10* cm?, and since the 
fuel rods are 54 in. apart, the area per unit cell is 30 in.*, or 190 cm?. There are thus 
2.7 X 104/190 = 140 vertical fuel rods required for the critical reactor. The length of 
each rod is equal to H, i.e., 170 cm, and its radius, as given above, is 1.4 cm. Taking 
the density of uranium metal as 19 g/cm’, it is readily found that the mass of fuel in 
the bare critical reactor is about 2.9 < 10° grams, or roughly 3.2 tons. 


REFLECTED REACTORS 
EFFECTS OF REFLECTOR - 


3.201. The critical mass of a reactor can be decreased by surrounding the 
core, i.e., the region containing the fuel, with a blanket of a good scattering 
material, e.g., heavy water, graphite, or beryllium for a thermal reactor. This 
blanket acts as a reflector, since it scatters back into the chain-reacting system 
neutrons which would otherwise have been lost as a result of leakage. Since a 


reflector reduces neutron leakage from the reactor core, it permits a given fuel-_ 


moderator system to become critical when the dimensions are appreciably less 
than required for a bare reactor. The use of a reflector thus results in a saving 
of fissionable material. 

3.202. In addition to decreasing the volume (and mass) of the core, the re- 
flector can make possible an increase in the power output of the reaetor for a 


given mass of fuel. As seen in 


NEUTRON FLUX § 2.163, the power level is propor- 
tional to the average thermal-neu- 
tron density or flux in the core. Sup- 


REFLECTED 


the flux in the center of the core is 
the same as that for a bare reactor, 
Because of the return of neutrons 
to the core by the reflector, the flux 
near the boundaries will be much 
greater than in the absence of a 
reflector (Fig. 3.19). The average 
' thermal-neutron flux over the whole 
Fie. 3.19. Approximate thermal-neutron core, and hence the power output 


ae ee he cebacted under given conditions, will then be 

increased by the reflector. The mul- 
tiplying properties of the outermost regions of the core are used more effec- 
tively when a reflector is employed. 





ONnkE-GROUP 'TREA'TMEN'T 


3.203. With the exception of reactors for which the slowing down properties 
of the reflector are identical with that of the core, the solution of the age= 


pose that in a reactor with reflector, — 
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diffusion equation for a reflected reactor can, in general, be obtained only by 
numerical procedures. As an alternative, an approximate approach, known as 
the group method, has been developed and used with a fair degree of success. In 
this treatment, it is postulated that neutrons can be divided into a number of 
energy intervals or energy groups, from source energy down to thermal values. 
Within each group the neutrons are assumed to diffuse without energy loss, i.e., 
according to a monoenergetic diffusion equation, until they have suffered the 
average number of collisions which would be required to decrease their energy 
to the next (lower) group. At this point, it is supposed that the neutrons are 
suddenly transferred to the latter group. This process continues until the 
neutron energy is degraded from the group of highest (fission) energy to that of 
the lowest (thermal) energy. 

3.204. The simplest approximation results from considering all the neutrons 
to be in a single group; in other words, it is supposed that all production, dif- 
fusion, and absorption of neutrons occur at a single energy, namely, the thermal 
energy. Although this represents a very severe approximation for an actual 
thermal reactor, it serves to illustrate some general principles. Preliminary 
results obtained very simply by the one-group method can be refined later by 
more involved procedures. 

3.205. Using the subscripts c and r to indicate core and reflector, respectively, 
the steady-state (critical) diffusion equation, in the absence of a primary source, 
for the one group of core neutrons is 


DV =\ Lache + kZache = 0, (3.205.1) 


where D, is the diffusion coefficient and ,-. is the macroscopic absorption cross 
section of the core material for thermal neutrons. The third term in equation 
(3.205.1), i.e., the source term, is accounted for by the fact that k neutrons are 
produced for every one absorbed. Upon dividing through by D, and rearrang- 


ing, the result is 
k-—1 
ve, +4 L2 Ps = 0, 





where L,2 for the core neutrons is equal to D./Zac. This equation may be written 
in the familiar form 





V4, + Bd, = 0, (3.205.2) 
40 that the buckling of the core is given by 
k-—1 
B= 2 ~ (3,205.3) 


‘This may be regarded as the one-group critical equation. 
3.206. If equation (3,205.3) is transposed to 


k 


ss A 
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it is seen to be similar to the critical equation (3.108.2), except that it contains 
no factor for the nonleakage probability during slowing down. This is, of 
course, to be expected, since the one-group treatment is based on the postulate 
that all neutrons have the same energy. However, although equation (3.205.3) 
defines the buckling of the core according to one-group theory, for a large reactor 
it is preferable to use, for purposes of calculation, the expression 


B= See (3.206.1) 
where M2 = L2-+ 7, thus introducing a correction for slowing down. 
3.207. The reflector contains no fuel material, and so there is no source term 
in the diffusion equation for the reflector; the result is 


D,V°o;r — Lardr = 0, (3.207.1) 
where D, and Ya, refer to the reflector. This expression may also be written as 
Vo, — krdr = 0, (8.207.2) 


where k,? = Yar/D,, so that x, is the reciprocal of the diffusion length of neutrons 
in the reflector (§ 3.33). 


INFINITE PLANE SLAB 


3.208. In order to determine the flux distribution in the critical reactor, it is 
convenient to consider a simple case which can be reduced to a one-dimensional 
problem, namely, a slab of finite thick- 
ness but infinite extension. Consider 
such a slab of thickness H, with a 
reflector on each side of thickness T, 
which includes the extrapolation dis- 
tance (Fig. 3.20). The origin of the 
coordinates is taken at the plane of 
symmetry of the slab. Since, in the 
present case, the Laplacian operator is 
simply d?/dz?, the core diffusion equation 
(3.205.2) becomes 


REFLECTOR 





Fia. 3.20. Infinite slab reactor with d*-(x) Ay 
reflector dx? + B%.(x) = 0 


of which the general solution, with B? positive, is 
¢o-(2) = A cos Bx + C sin Ba. 


The requirements of symmetry rule out the sine term, and so the permissible 
solution for the infinite slab is - 
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¢-(x) = A cos Bz, (3.208.1) 


where A is an arbitrary constant. 

3.209. The general solution of the reflector diffusion equation (3.207.2) 
involves hyperbolic sine and cosine terms, since x? is positive; thus the neutron 
flux in the reflector is given by 


¢-(x) = A’ cosh (xv) + C’ sinh (x,x), (3.209.1) 


subject to the boundary condition that the flux is zero at the extrapolated bound- 
ary of the reflector, i.e, when x = 43H + 7. This leads to the result 


o(3H + T) = A’ cosh {x,(4H + T)} + C’ sinh {x,(4H + T)} = 0, 


so that 
A’ = —C’ tanh {x,(3H + T)}. 


If this value for A’ is now inserted into equation (3.209.1), the solution of equa- 
tion (3.207.2) is 
¢-(x) = C sinh {x,(4H + T — x)}, (3.209.2) 


where C is a new arbitrary constant. 

3.210. The arbitrary constants A and C may be related by introducing the 
boundary conditions that the neutron flux and current density shall be continu- 
ous at the core-reflector interface (see § 3.20), i.e., when x = 3H; these condi- 
tions may be expressed as 

$(2H) = $-(3H) 


D do-(ZH) _ D do, (3H) 
° dx "dx 


and 


Using the first of these conditions, it follows from equations (3.208.1) and 
(3.209.2) that 

A cos (BH) = C sinh (x,T); 
and from the second, 


AD.B sin (BH) = CD,x, cosh (x;T). 
Upon dividing the second of these equations by the first, it is seen that 
D.B tan ($BH) = D,x, coth (x-T’). (3.210.1) 


‘This transcendental equation is the critical equation for the reflected infinite 
slab reactor, according to the one-group treatment. 

3,211. The value of the buckling B? can be derived from the corrected equa- 
tion (8,206.1), and D.(= acl”) can be obtained from the known properties of 
the core components; D, is the diffusion coefficient of the reflector material and 
x» i8 the reciprocal of its thermal diffusion length. With these data available, 
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it is possible to calculate, from equation (3.210.1), the relationship between the 
thickness 7' of the reflector and the critical thickness H of the infinite slab core. 
The results of a typical case are shown by curve A in Fig. 3.21. It is seen that, 
as the reflector thickness is increased, the critical core thickness decreases rap- 
idly at first, but beyond a certain thickness of reflector, the core size does not 
decrease appreciably. There is thus little to be gained by increasing the 
reflector thickness beyond this amount. 
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Vig. 3.21. Reflector savings for infinite slab reactor 


REFLECTOR SAVINGS 


3.212. The decrease in the critical size of a reactor, due to a reflector, is 
expressed by means of the reflector savings, 5, defined, in the case of an infinite 
slab, by 


6 el 


Il 


1 
tH — 


where Hy is the critical thickness of the bare reactor and H is that with a re- 
flector. For the bare reactor, Hy is equal to 7/B (cf. Table 3.7),* and so 


die 


d 


T HH 
a= ORS 
or - 
IF ag) Bieus's 
Soe 


Substituting this value for 3H into the critical equation (3.210.1), the result is 


*Tt should be noted that the infinite slab is a rectangular parallelepiped in which two of 
the linear dimensions are infinite, The results obtained below can be applied to each of the 
three dimensions of a finite rectangular parallelepiped, 


(3.212.1) 
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DB tan (34 — Bé) = D,x, coth («,-T) 
or 
D-B cot Bb = D,x, coth (kT). 
Upon inverting and rearranging, this becomes 


D.B 








tan Bé = Dx, tanh (x,7’) 
or 
1 D.B 
2 ae a ee . 3.212.2 
6 B tan { Dts tanh ( cD) ( ) 


From this equation the reflector savings can be calculated for various specified 
thicknesses 7’ of the reflector. The general nature of the variation of the re- 
flector savings with the thickness of the reflector is shown by curve B in Fig. 3.21. 

3.213. For a large reactor, B is small and so also is Bd; then, after rearranging 
equation (3.212.2), tan BS may be replaced by Bé, with the result that 


D,. 
Dkr 





6 = tanh (x,7') 


és et, tanh (3.21.1) 


D, L, 
replacing «x, by 1/L,, where L, is the diffusion length in the reflector. If, in 
addition, the reflector is thick, so that 7'/L, is large, tanh 7'/L, approaches unity. 
The reflector savings is then given by equation (3.213.1) as 


D, 

6 = D, L,, (8.213.2) 
so that 6 attains a limiting value with increasing reflector thickness, as is appar- 
ent from curve B in Fig. 3.21.* 

3.214. When 7'/L, is 2, i.e., when the thickness of the reflector is twice the 
diffusion length, tanh 7/Z, is already 0.96, and the reflector savings will be 
96 per cent of the limiting value given by equation (3.213.2). Thus, for the 
reasons given in § 3.44, a reflector having a thickness of about two thermal dif- 
fusion lengths behaves virtually as a reflector of infinite thickness, according to 
one-group theory. More exact calculations, which take into account the fact 
that the neutrons do not all have the same energy, show that a reflector thick- 
ness of 1.5 to 2 migration lengths (Table 3.5) is almost equivalent to an infinite 
reflector, as far as the effect on the critical mass is concerned. 


Lxvample Estimate the amount of fuel required for a natural uranium-graphite reactor, 
in the form of a cube, which is surrounded on all sides by a graphite reflector 100 cm thick. 

The migration length of thermal neutrons in graphite is about 54 cm, and so the 
reflector may be regarded as almost equivalent to one of infinite thickness. Hence, 


* Wquations (3,213.1) and (3,213.2) are also applicable to a large spherical reactor, where 
6 ia the decrease in the radius due to a reflector of thickness 7’, 
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treating each dimension of the cubic reactor as the finite dimension () of an infinite 
slab, the reflector savings is given by equation (3.213.2). Since the moderator and 
reflector are of the same material, D./D, will not be very different from unity and the re- 
flector savings will be equal to the diffusion length in the reflector, i.e., 50 cm in graphite. 
By equation (3.212.1) the reflector savings is the decrease in the half-thickness of the 
‘slab, and so the total savings in the length of the cube edge will be about 100 cm. 

In the worked example dealing with the bare reactor, the edge length of the critical 
reactor was found to be 560 cm. Consequently for the reflected reactor under consid- 
eration the edge length of the core will be 460 cm. The volume of the reactor core is 
thus (460/560)’, i.e., 0.55, of that of the bare reactor. Assuming the same radius of 
fuel rods and the same lattice spacing, the mass of fuel is 54 X 0.55 = 30 tons, instead 
of 54 tons in the bare reactor. (It may be mentioned that this represents the amount 
of fuel required to make the reactor just critical. For various reasons, to be considered 
in Chapter VI, additional fuel is always included when the reactor is constructed.) 


3.215. An examination of equations (3.212.2), et seg., shows that the effective- 
ness of a particular reflector material is determined to a great extent by the 
ratio L,/D,; because L,? is equal to D,/Zar, it is the value of 1/2.,D, (or its 
square root) which is important. Since D, is proportional to the transport 
mean free path (§ 3.24), and so is inversely related to the transport (and scat- 
tering) cross sections, it follows that >sr/Zar is the property of the reflector which 
is important. In other words, a good reflector will be a material having a high 
scattering cross section and a low absorption cross section. This general con- 
clusion is in agreement with the results of a qualitative consideration of the 
properties to be expected from a good reflector. 

3.216. There is another desirable property of a reflector which is not apparent 
from one-group theory. An appreciable proportion of the neutrons leaking 
from a reactor core do so during the slowing down process. These will be 
neutrons with energies in excess of the thermal value. It would be advantageous 
if they were returned to the core with their energies reduced; this can be achieved 
by using a good thermalizing material, i.e, an element having a large &, as 
reflector. As a rough generalization, therefore, it may be stated that for a good 
(thermal) reflector £2,/Za, i.e., the moderating ratio (§ 3.63), should be high. 
From the values given in Table 3.3, it is seen that heavy water would be an 
excellent reflector material for a thermal reactor. 


Ratio or Maximum To AVERAGE FLUX IN SiaB REACTOR 


3.217. The critical neutron flux distribution, in the x-direction, for an infinite- 
slab reflected reactor is given by equation (3.208.1). The maximum flux, which 
is that along the plane of symmetry, i.e., when x is zero, is then equal to the 
arbitrary constant A; this is determined by the power level of the reactor. The 
average flux is obtained by integrating (x) over the thickness of the slab and 
dividing by the thickness; thus, 


aed Vw 
da = aS eA cos Bx dx 
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2A. 
= BAD (4BH). 


Since the maximum flux ¢max is equal to A, the ratio of maximum to average flux 


in the critical reactor is 
dmx  _ ¥BH 
ao a ae y (8.217.1) 


3.218. This expression combined with the critical equation (3.210.1) may be 
used to calculate the flux ratio for various thicknesses of core and reflector. 
Particular values for H and T are chosen, and then, with D., D,, and x, known 
the equation (3.210.1) is solved for B by a process of iteration. With B and H 
known for a given value of 7’, the ratio expressed by equation (3.217.1) can be 
calculated. For zero thickness of reflector, i.e., for a bare reactor, B is equal to 
a/H, and hence the ratio dmax/@av i8 $7, ie., 1.57. At the other extreme, for 
large reflector thicknesses, i.e., as T’— ©, coth (x-7’) > 1, and from equation 
(3.210.1), 3BH = tan (D,«,/D-B). The limiting value of @max/¢av can then be 
obtained for any core thickness. 

3.219. The results for a reactor having beryllium as both moderator and 
reflector are given in Fig. 3.22 for infinite slabs of 25, 50, and 75 cm thickness 
with reflector thicknesses (including extrapolation distances) up to 50 cm. The 
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lia, 3.22. Ratio of maximum to average flux as function of reflector thickness 


initial sharp decrease in the ratio of maximum to average flux with increase in 
reactor thickness indicates a marked flattening of the flux distribution in the 
reactor core resulting from the presence of the reflector. With increasing thick- 
ness of the latter, however, a limiting value of the flux ratio is approached 
mymptotically when the reflector thickness is roughly twice the diffusion length 
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of thermal neutrons in the reflector, ie., about 48 cm in this case. Further 
increase in thickness has little effect on the flux distribution. This conclusion 
is in general agreement with the results obtained above with regard to the effect 
of the reflector on the critical size. 


Two (or More) Groups or NEUTRONS 


3.220. The one-group treatment is highly approximate, but it is very simple 
and leads to conclusions which are qualitatively correct. However, the re- 
flector savings calculated on the basis of one group of neutrons are too low for 
at least two reasons. In the first place, since the one-group method assumes all 
neutrons to be thermal, no allowance is made for the fact that fast neutrons 
escaping from the core have a longer average life in the reflector than do thermal 
neutrons and so they have a higher probability of being scattered back into the 
core. Further, neutrons entering the reflector with energies above the reso- 
nance level are moderated in the reflector; they then return to the core as thermal 
neutrons, having completely avoided the resonance capture to which they would 
have been liable if they had reached thermal energies in the core. Both these 
factors tend to increase the effectiveness of the reflector, as compared with that 
to be expected if all the neutrons had thermal energies.* 

3.221. A second approximation to the treatment of reflected reactors is to 
use the two-group theory. It is then postulated that all the neutrons can be 
divided into two groups, namely, fast (fission) and slow (thermal) neutrons. 
There are now four differential equations; two are similar to equation (3.205.1), 
one for each neutron group in the core, and two others, like equation (3.207.1), 
give the fast and slow flux distributions in the reflector. In solving these equa- 
tions, six boundary conditions are used: continuity of both fast- and slow-neutron 
flux and neutron current density at the core-reflector boundary, and zero fast- 
and slow-neutron flux at the (same) extrapolated boundary of the reflector. 
The actual solution is somewhat involved and will not be given here. 

3.222. The group method has been refined still further by introducing addi- 
tional neutron-energy groups. The solution of the differential equations 
obtained is a major problem, but several methods have been described, e.g., 
solution in closed form, series expansion, method of iteration, or a combination 
of these procedures. 


3.223. There is one result of the two- (and higher-) group treatment which is” 


worth mentioning; it refers to the spatial distribution of the neutron flux. For 
convenience, and in accordance with the two-group theory, the neutrons are 
divided into two groups; thermal neutrons and all other (fast) neutrons, respec- 
tively. The general nature of the variation of the flux with distance from the 
center of the reactor core is shown in Fig. 3.23. It will be observed that the 
thermal-neutron flux exhibits a maximum within the reflector at a short distance 


“A reasonably good empirical rule is that the reflector savings is 1.2 times that calculated 
by the one-group method, 
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from the core-reflector interface. This may be ascribed to the fact that thermal 
neutrons are produced in the reflector by the slowing down of fast ones, but they 
are absorbed very much less strongly in the reflector than in the core. Farther 
from the interface the thermal flux, like the fast-neutron flux, falls to zero at the 
extrapolated boundary of the reflector. It is because the thermal-neutron flux 
within a good reflector may be as high as, or higher than, in the core that some 
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Fia. 3.23. Thermal and fast neutron flux distributions in reflected reactor 


thermal reactors can be controlled by means of an absorber inserted into the 
reflector near the core, instead of into the core itself. 


INTERMEDIATE AND FAST REACTORS 


Tue INTERMEDIATE REACTOR* 


3.224. An intermediate reactor is one which operates mainly on fissions 
caused by the absorption of neutrons with energies in the intermediate range, 
©.g., up to about 1000 ev. In general, intermediate reactors are characterized 
(1) by smaller nonleakage probabilities for neutrons while slowing down than 
in thermal reactors, (2) by having cores containing relatively large amounts of 
nonfission absorbers of thermal neutrons, i.e., thermal poisons, or (3) by a 
combination of both these circumstances, ‘ 

3,225. In the first case, either the reactor may be smaller than a thermal 
reactor or the moderating efficiency of the core material may be less than for a 


* Vor the possible advantages of intermediate reactors, see § 1.121, 
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thermal reactor of the same size. This latter condition would arise in a reactor 
in which the core consisted partly of moderator, e.g., carbon or beryllium, and 
partly of a poorly moderating coolant, e.g., liquid sodium, with a relatively small 
slowing down power. Asa result of the partial replacement of good moderator 
by the coolant, which is a poor moderator, the leakage of neutrons during the 
slowing down process is increased. 

3.226. In order to make the system critical, the infinite multiplication factor k 
must be larger in this case than it would need to be if the entire core volume were 
occupied by moderator and fuel only. The increase in k is achieved by increas- 
ing the ratio of fuel to moderator; as a result, there is an increase in the probabil- 
ity that neutrons will be absorbed in the intermediate region before they become 
thermal. In an enriched fuel, this will mean a larger proportion of fissions will 
be due to intermediate-energy neutrons than is the case in thermal reactors. 

3.227. If the reactor core contains a relatively large proportion of thermal 
poisons, in the form of structural material, cladding for fuel elements, etc., addi- 
tional fuel must be used to compensate for the increased loss of neutrons by 
parasitic capture. For the reasons given in the preceding paragraph, this may 
result in an appreciable increase in the absorption by the fuel of, and hence 
fission production by, neutrons in the intermediate energy range. 

3.228. The theoretical treatment of intermediate reactors is much more in- 
volved than is that of thermal reactors, as described in the earlier parts of this 
chapter. In a thermal reactor essentially all the fissions are caused by thermal 
neutrons, and reasonably good results are obtained by the use of the diffusion 
equation for monoenergetic neutrons. In an intermediate reactor, however, 
the neutrons causing fission cover a considerable energy range. The most satis- 
factory treatment of such systems developed so far is the group method, the 
neutrons being divided into ten or more energy groups, ranging from fission to 
thermal energies. An age-diffusion type of equation is then applied to each 
neutron group. Since the solution of the problem is complicated, it will not be 
given here.* 


Tue Fast REACTOR 


3.229. In a reactor containing no moderator, and in which the coolant and 
structural material are made up of elements of fairly high mass numbers (or 
atomic weights) so that they are poor moderators, the fissions will be caused 
almost entirely by neutrons of high energy. Such a system would constitute a 
_ fast reactor. There may be some slowing down of neutrons due to inelasti¢ 
collisions but, since such collisions are usually significant only for energies in 
excess of about 0.1 Mev (§ 2.100), it is evident that there will be very few neu- 
trons with energies less than this value. The average neutron energy in a fast 
reactor may be taken as about 0.2 Mev, and so the fuel must contain a large 


“Seo H. Hurwitz, Report AECD-8019; R. Whrlich and H. Hurwits, Jr., Nucleonics, 12, 
No. 2, 23 (1954); R, B. Spooner, ibid., 12, No. 4, 36 (1954). 
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proportion of uranium-235 or plutonium-239, although a certain amount of other 
high atomic weight (nonmoderating) material may be present. 

3.230. In a fast reactor, the infinite multiplication factor is essentially equal 
to y, the average number of fast neutrons produced for each neutron absorbed 
in fuel. This means that k may be greater than 2 (see Table 1.7) ; the critical 
reactor will thus be small, since considerable neutron leakage is permissible. 
Because of the small size, the conditions for applicability of the diffusion theory 
approximation are not valid, for there is probably no point in the reactor that is 
more than two scattering (or transport) mean free paths from a boundary. 

3.231. In the calculation of the critical dimensions of a fast reactor it is con- 
sequently necessary to use transport theory. Because of the relatively limited 
range of the neutron energies, the neutrons may be treated as monoenergetic, in 
first approximation. The equation which relates the properties of the multiply- 
ing system to the buckling, B?, is found to be 


Vt on ilB)\ 
gf tan (3) ~ 1, 


where 2; and 2 are the macroscopic fission and total cross sections of the medium, 
respectively, for fast neutrons. From this expression an estimate can be made 
of the dimensions of the critical fast reactor, including the extrapolation dis- 
tance. In order to obtain the actual critical dimensions, the extrapolation 
distance must be known, especially as it constitutes an appreciable proportion 
of the total. It is not generally equal to 0.714, as given in § 3.25, and its exact 
value can be obtained only by complicated methods. 


SyMBoits Usep IN CuHaptTer III 


A atomic weight (or mass number) 

A, A’ arbitrary constants 

a resonance absorption probability 

a thickness of diffusion medium 
iB buckling 

© center of mass system 

C; C! arbitrary constants 

cosh hyperbolic cosine; cosh 2 = 4(e* + e-*) 
coth hyperbolic cotangent (1/tanh) 

dD diffusion coefficient (of neutron flux) 
Do diffusion coefficient (of neutron density) 
Dy, Dy diffusion coefficient in core, reflector 

d extrapolation distance 

Dy neutron energy 

My initial (fission) neutron energy 

Ni; neutron energy before collision 

Ny neutron energy after collision 


a 


e 


SOE ss Sezzss 
3 3 
5 


q* 
q(#) 
q(t) 
g(r, r) 


R 
R(r) 
r 
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thermal neutron energy 

collision density, i.e., collisions/(em*)(sec), for neutrons of energy E 
per unit energy interval 

thermal utilization 

resonance utilization 

height of cylinder 

thickness of reflected slab reactor 

thickness of bare slab reactor 

Bessel function of.first kind and zero order 

neutron current vector, neutrons/ (cm?) (sec) 

neutron current in x-direction 

neutron currents in opposite directions 

infinite multiplication factor 

effective multiplication factor 

laboratory system 

diffusion length 

diffusion length in core, reflector 

diffusion length of moderator 

thermal neutron lifetime in finite medium 

thermal neutron lifetime in infinite medium 

thermal neutron lifetime in moderator 

mass (of fuel lump) 

migration length 

migration area 

moderator 

neutron mass 

atoms (or nuclei) /cm* 

Avogadro number 

moderator atoms (or nuclei) /em* 

fuel atoms (or nuclei) /em*® 

neutron density, neutrons/cm' 

integer 

resonance escape probability (at energy /) 

neutron source strength 

slowing down density, neutrons/(cm*) (sec) 

slowing down density in absorbing medium 

slowing down density at energy E 

slowing down density at age 7 

slowing down density at age 7 and position represented by coordi- 
nate r 

radius of sphere or cylinder 

space function of neutron age 

general spatial coordinate 
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radial distance, polar coordinate 

mean square distance traveled by thermal neutron 

mean square distance traveled by neutron while slowing down 

source term in diffusion equation 

surface area of fuel lump 

hyperbolic sine; sinh « = $(e? — e-*) 

thickness of reflector 

time function of neutron age 

time 

hyperbolic tangent (tanh « = sinh x/cosh zx) 

fuel 

volume 

volume of impurity, poison, ete. 

volume of moderator, fuel 

neutron velocity 

coordinates 

ratio of fuel/moderator macroscopic absorption cross sections 
(Zau/ Zo) 

ratio of capture to fission cross sections 

(Ave DA dP 

slope of plot in exponential experiment 

reflector savings 

fast-fission factor 

fission neutrons per neutron absorbed in fuel (average) 

polar coordinate 

scattering angle in C system 

2./D, reciprocal of diffusion length 

value of « in reflector 

absorption mean free path 

scattering mean free path 

transport mean free path 

average cosine of neutron scattering angle 

fission neutrons per fission (average) 

average logarithmic energy decrement per collision 

density 

total macroscopic cross section 

macroscopic absorption cross section 

absorption cross section of core, reflector 

absorption cross section of moderator, fuel 

macroscopic scattering cross section (at energy E) 

scattering cross section of moderator, fuel 

microscopic absorption cross section 

absorption cross section of moderator, fuel 


220 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING 
Os microscopic scattering cross section 
Osm,) Tsu Scattering cross section of moderator, fuel 
T Fermi age, cm? 
T(E) Fermi age of neutrons of energy E 
Tm Fermi age in moderator 
Tth Fermi age of thermal neutrons 
@ neutron flux, neutrons/(cm?) (sec) 
dav, max average flux, maximum flux in reactor core 
o(£) neutron flux at energy F per unit energy interval 
g(r) neutron flux at point having coordinate r 
(x) neutron flux at point having coordinate x 
Pm, Pu neutron flux in moderator, fuel 
be, br neutron flux in core, reflector 
g polar coordinate 
WV scattering angle in L system 
Q solid angle 
v2 Laplacian operator 
PROBLEMS 


1. Calculate (a) the diffusion coefficient, (b) the extrapolation distance, and (c) the 
diffusion length, of thermal neutrons in graphite from the scattering and absorption cross 
sections (4.8 barns and 0.0045 barn, respectively). The density of graphite is to be 
taken as 1.62 g/cm’. 

2. A point source, emitting Q neutrons/sec, is located at the center of a sphere, 
finite radius R, including the extrapolation distance, of a nonmultiplying medium bounded 
by a vacuum. Derive an expression for the spatial distribution of the neutron flux in 
the sphere, as a function of the radial distance r from the center. 

3. From the expression derived in the preceding problem, plot the variation of Q/ 
as a function of distance from the source for spheres of radii (a) twice the diffusion length, 
(b) three times the diffusion length, (c) infinity. What conclusions can be drawn from 
the results? 

4. By treating an infinite plane source of monoenergetic neutrons as made up of an 
infinite number of point sources spread over the plane, use equation (3.33.1) to show 
that the flux distribution in the z-direction perpendicular to the plane source, emitting 
Q neutrons/( (sec) in an infinite, nonabsorbing medium, is represented by Qe~**/ 2«D. 

5. Show that the average net vector distance, 7, traveled by a thermal neutron, from 
the point at which it just becomes thermal to that at which it is captured, is equal to 
twice the diffusion length. Compare the average net vector (crow-flight) distance trav- 
eled by the thermal neutron with the corresponding total scalar (zigzag) distance in 
graphite. (Use the data in Problem 1.) 

6. Recalling that commercial heavy water consists of 99.75 per cent DO and 0.25 
per cent H,O, use the following data to calculate the slowing down power and moderat- 
ing ratio of heavy water. Scattering cross sections for epithermal neutrons: H, 23 barns; 
D, 3.3 barns; O, 4.0 barns. Absorption cross sections for thermal neutrons: H, 0.33 barn; 
D, 0.00046 barn; O, negligible. 

7, The diffusion length of thermal neutrons in heavy water is quoted as 100 cm, 
From the data in the preceding problem estimate the diffusion length in pure DO. 
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Consider the advantages and disadvantages of the effect of the 0.25 per cent of H.O on 
the value of heavy water as a component of thermal reactors. 

8. Derive an expression relating the so-called slowing down length to the actual mean 
net vector distance, 7,, traveled by a neutron while slowing down. Taking the average 
scattering cross section of graphite in the range from 2 Mev to 0.025 ev to be 4 barns, 
compare the two lengths for the slowing down of neutrons over this energy range. 

9. Derive the expression B? = (x/H)? for the buckling of an infinite slab reactor hav- 
ing a finite thickness H, including the extrapolation distance, and show that the flux 
distribution in the critical system is given by ¢(x) = A cos (12/H), where A is a constant 
and z is the distance from the central plane in the finite dimension of the slab. 

10. In a bare spherical reactor of radius R compare (a) the average neutron flux and 
(0) the flux at a radial distance from the center equal to 0.52, with the flux at the center. 
At what radial distance from the center will the local flux be equal to the average flux? 

11. Using the expression in Table 3.7 for the buckling of a finite cylinder, show that 
there is a limiting radius below which a cylindrical thermal reactor cannot become criti- 
cal, for a given fuel-moderator ratio. ~ 

12. Determine the minimum mass ratio of plutonium-239 to water that will just sus- 
tain a chain reaction in an infinitely large system. 

13. Calculate the critical volume at ordinary temperatures of a cubical thermal reactor 
containing heavy water as moderator and pure uranium-235 as fuel in the atomic (or 
molecular) ratio of 10° to 1, assuming the continuous slowing down model to be appli- 
cable. Estimate the critical mass of uranium-235 for this reactor. 

14. In the preceding example, what fraction of the neutrons produced in fission escape 
(a) while slowing down, (b) while at thermal energies? Calculate the mean lifetime of 
thermal neutrons in the reactor and compare the value with that in the moderator 
(heavy water) alone. 

15. Determine the size of a bare spherical reactor (Water Boiler) containing 
uranium-235 and ordinary water in the weight ratio of 1 to 15, using equation (3.162.1). 
Compare the result with that given by the use of the continuous slowing model. 

16. Estimate the error in the preceding problem resulting from the neglect of the 
neutron capture by sulfur and oxygen if the uranium were present in solution as uranyl 
sulfate (UO2SO,). 

17. What would be the approximate critical mass of uranium-235 for the reactor re- 
ferred to in Problem 15 if the sphere were surrounded by a thick graphite reflector? 

18. Determine the values of the infinite multiplication factor in homogeneous mixtures 
of heavy water and natural uranium in the atomic (or molecular) ratios of 100, 200, 300, 
and 400 to 1, respectively. Hence estimate the maximum value of this factor, if parasitic 
‘capture of neutrons is neglected. 

19. A heterogeneous reactor is constructed of natural uranium rods, of 1 in. diameter, 
arranged in a square lattice with a pitch of 6 in. suspended in a cylindrical vessel contain- 
ing heavy water as moderator. Estimate the number of fuel rods required to make the 
reactor critical and the atomic (or molecular) ratio of moderator to fuel in the reactor. 
Compare the value of the infinite multiplication factor for this composition in a homo- 
geneous system with that for the given heterogeneous system. 

20, Assuming that ‘all neutrons captured in uranium-238, either while slowing down 
or when thermal, produce plutonium-239, derive an expression for the ratio of plutonium 
formed to uranium-235 consumed in a reactor, in terms of p, f, and the uranium cross 
sections, Diseuss the design conditions which might be used in a production reactor to 
obtain a high yield of plutonium-239. (Assume that neutron leakage while slowing 
down is negligible.) 

21. A cylindrical reactor is to be constructed with fuel rods of 1.2 per cent enriched 
uranium, ie,, containing 1,2 atomic per cent of uranium-235, and ordinary water as 
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moderator. The rods are to be 0.5 in. diameter and placed 2 in. apart. Using the 
“two-group” equation (3.123.2), make an approximate estimate of the size of the reactor 
and of the weight of uranium-235 (in pounds) which would be required for the enrich- 
ment of natural uranium to prepare the necessary fuel. 

22. In the Oak Ridge natural uranium-graphite reactor the 4-in. long and 1.1-in. diam- 
eter fuel slugs, clad (including the ends) with a 0.035-in. coating of aluminum, lie in 
channels of 1.75-in. square cross section through which the cooling air flows. Estimate 
the error in the thermal utilization (and hence in the multiplication factor) resulting from 
the neglect of the neutron absorption in the aluminum and air in the example following 
§ 3.177. (The air may be assumed to be roughly at atmospheric temperature and pres- 
sure and the neutron capture may be attributed to the nitrogen which constitutes 78 
atomic per cent of the air.) 

23. A homogeneous reactor contains uranium-235 and graphite in the proportion of 
1 to.10. Assuming this to be in the form of an infinite slab, determine by the one-group 
method the critical thickness (H) for graphite reflector thicknesses (7) of (a) 25 cm, 
(b) 50 cm, (c) 75 cm, and (d) 100 cm. Plot H as a function of T and draw a general 
conclusion from the result. 





Chapter IV * 


REACTOR THEORY: DISTURBANCE 
OF THE STEADY STATE 








REACTOR KINETICS 


Promet NEUTRONS 


4.1. The preceding chapter has dealt with the theory of nuclear reactors in 
the steady state, or equilibrium state, i.e., when the neutron density is constant 
and independent of time. During start-up and shut-down, as well as a result 
of transient changes, e.g., of temperature, occurring within the reactor, the neu- 
tron density changes and a knowledge of the rate of change under various con- 
ditions is desirable. The information so obtained is used in the design of control 
mechanisms, as will be seen in Chapter VI. The theoretical treatment given 
below refers strictly to bare, homogeneous, thermal reactors, but the general 
conclusions are applicable to reactors of all types. t 

4.2. The diffusion equation (3.17.2) for thermal neutrons in a nonequilibrium, 
i.e., noncritical, system can be written as 


DV — >. +S = at = * . 38, (4.2.1) 


‘where v is the mean velocity of the thermal neutrons; the thermal flux is then 


equal to nv, with n being the density of thermal neutrons. It was seen in 
§ 3.103 that, according to the continuous slowing down model, i.e., Fermi age 
theory, the thermal-neutron source term due to fissions is pq(7tn), and using 
equation (3,107.2) this is seen to be 


S = kZa¢e*", (4.2.2) 


where kYa¢ is the number of thermal neutrons per cm per sec that would result 
from fissions in an infinite system, i.e., if there were no.leakage. The factor 


* Reviewed by M, ©. Edlund, 
| For reflected reactor, see J. G. Bayly, Canad. J, Phys., 31, 182 (1953); H. Rumsey, Jr., 
J, Appl. Phys., 28, 1306 (1954). 
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e *** represents the nonleakage probability during slowing down, where B? is 
the buckling (§ 3.120).* 
4.3. Upon introducing equation (4.2.2) into (4.2.1), it is seen that in the ab- 


sence of an extraneous (primary) source 
1 d¢ 
2, —B*r __ =—_--.-—. 
DV’? + (ke 12h = 7° a 
Dividing through by 2, and making use of the fact that D/Z, is equal to L?, the 
square of the thermal diffusion length, the result is 


Lb + (ke-B* — 1)6 = by of (4.3.1) 


a ? 
where 1/vd. has been replaced by J, the lifetime of the thermal neutrons in an 
infinite medium having the same composition as the reactor (§ 3.102). 

4.4. In writing equation (4.2.2) for the thermal-neutron source term in the 
time-variable diffusion equation (4.2.1), the tacit assumption has been made 
that the neutrons produced in fission, apart from those leaking out while slowing 
down, are instantaneously available as thermal neutrons. Thus the slowing 
down time of the fission neutrons and the fact that the emission of some of these 
neutrons is delayed are neglected. It was seen in § 1.128 that the time rate of 
change of the neutron flux (or density) when the multiplication factor is altered 
is dependent on the generation time, i.e., on the average time between successive 
generations of thermal neutrons. This includes both the slowing down time and 
the diffusion time (or lifetime) of the thermal neutrons. Since the former is 
usually small in comparison with the latter (see Table 3.6), no serious error is 
involved if the slowing down time is ignored, at least in the consideration of 
thermal reactors. 

4.5. The mean delay time of the delayed neutrons, on the other hand, is of the 
order of 0.1 sec and this is appreciably greater than the thermal-neutron lifetime. 
The neglect of the delay time is thus not justified. It is, nevertheless, instruc- 
tive to proceed with the discussion on the basis of the assumption that all the 
fission neutrons are prompt. Subsequently, the treatment will be modified to 
take into account the effect of the delayed neutrons. 

4.6. In order to solve equation (4.3.1), it will be assumed that the position 
(r) and time (¢) variables can be separated by writing 


= oC, t) = o@)T), (4.6.1) 


where ¢(r) is a function of the space coordinate only and T(t) is a function of 
time only. Combination of equations (4.6.1) and (4.3.1) then gives 


V°o(r) ok lt Mae a 4.6.2 
L? a(t) + ke-® 1 = AG - ( ) 


*The results obtained are independent of the slowing down model, and so the Fermi age 
treatment is used for convenience, 
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Suppose that at a certain time, represented by ¢ = 0, the reactor has been made 
to undergo a sudden (or step) change in the multiplication factor, after which 
k remains constant. In these circumstances, the left side of equation (4.6.2) 
contains no time variable, and the right side no space variable. 

4.7. If the system is not far from critical, the spatial distribution of the thermal 
flux can be represented, to a good approximation, by equation (3.108.1), i.e., 


V(r) + Bg(r) = 0, 


where B? is the buckling. Hence, substituting —B’¢(r) for V’¢(r) in equation 
(4.6.2), and dividing through by 1 + L?B?, the result is 
TT sh et (4.7.1) 
1+ L2B? 1+2B? T(t) dt 
The first term on the left side is the effective multiplication factor, ker (see 
§ 3.125), and the first factor on the right is the mean lifetime 1 of thermal neu- 
trons in a finite medium (§ 3.127); thus equation (4.7.1) can be reduced to 
. - pu. at 47.2 
Kets 1= T(t) dt ( bikes ) 
4.8. The excess of k.¢; over unity is the excess multiplication factor k.x, defined 
in § 1.126, ie., Kex = Kerp — 1, and so equation (4.7.2) is equivalent to 


es ed AED) 
mm Pty dt 
Integration of this expression gives 
Tasso (4.8.1) 


#0 that, by equation (4.6.1), 
g(r, t) = Ad(re”. (4.8.2) 
At zero time, i.e., when t = 0, 
o(r, 0) = Agi), 
and if this is represented by go, it follows from equation (4.8.2) that 
g(r, t) = doef’, (4.8.3) 


where ¢o is the thermal-neutron flux in the reactor, at a point represented by 
(he coordinate r, at the instant before the effective multiplication factor under- 
went a step change of magnitude kx. It will be noted that equation (4.8.3) is 
analogous to equation (1.126.3) for the time change of the neutron density de- 
rived in @ more approximate manner. 

4.9. The reactor period, T, or e-folding time, may be defined as the time re- 
quired for the neutron flux (or density) to change by a factor e, so that 


b(t, t) = qdoe!/?. (4.9.1) 
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Consequently, in the present case, when all the neutrons emitted in the fission 
process are assumed to be prompt, 
l 
2 ae 4.9.2 
Da (4.9.2) 
The thermal-neutron flux in a reactor in a nonequilibrium state, ie., hex ~ 0, 
should then increase (or decrease) in an exponential manner, the rate depending 
on the ratio of the average lifetime of the thermal neutrons to the excess multi- 
plication factor, as found in § 1.126. 


Errect oF DELAYED NEUTRONS 


4.10. A general discussion of the effect of delayed neutrons on the time rate 
of change of neutron density was given in Chapter I; the subject will now be 
considered in more detail. According to the arguments in § 3.105, the over-all 
rate of production of fission neutrons, including both prompt and delayed, is 
(k/p)Za neutrons/(cm*)(sec). It was stated in § 2.167 that at least five groups 
of delayed fission neutrons have been identified; let 6; represent the fraction 
of the total number of fission neutrons which are delayed neutrons belonging to 
the ith group.- The rate of formation in the fission process of nuclei which are — 
the precursors of this group of delayed neutrons is thus #; (k/p)Zab nuclei/ 
(em?)(sec). If C; nuclei/em* is the concentration of these precursors, the nor- 
mal rate of radioactive decay is —\,C; nuclei/(cm*)(sec), where d; sec™ is the 
appropriate decay constant (§ 2.5). The net rate of formation of the delayed- 
neutron precursors of the 7th group, representing the difference between the rate 
of production and the rate of decay, is consequently given by 


ac; 
a = Bs 


Lad — AiCi. (4.10.1) 
It should be noted that C; and ¢ are functions of both space (r) and time (¢) 
coordinates but the arguments are omitted for simplicity of representation. 

4.11. The thermal-neutron source term in the time-dependent diffusion equi 
tion (4.2.1) now consists of two parts: one for prompt and the other for delayed 
fission neutrons. The sum of the @; values for all the groups of delayed neutrons 
is represented by 8, and so 1 — @ is the fraction of fission neutrons emitted 
promptly. Hence, 


Prompt-neutron source term = (1 — B)kZabe~?"", 


(4.11.1) 


which is the value given by equation (4.2.2) multiplied by 1 — B. 
4.12. The rate of formation of delayed neutrons in any group is numerically 
equal to the rate of decay of the precursor, i.e., to ACs, and hence, 


Total rate of formation of 


m 
ot , om") (see 4 i 
iii ibe dalaved, amutecdl Pn \,C, neutrons/(em")(see), (4, 12.4) 
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the summation being taken over all the m groups of delayed neutrons. The 
thermal-neutron source term due to delayed neutrons is obtained upon multiply- 
ing this rate of formation by the nonleakage probability during the slowing down 
process and by the resonance escape probability. 

4.13. Since the energies of the delayed neutrons are less than the average of 
the prompt neutrons (see Table 2.11), the nonleakage probability while slowing 
down will be somewhat larger for the delayed than for the prompt neutrons. 
However, the difference is small, and so the Fermi age of a thermal neutron may 
be assumed to be the same, irrespective of whether it originated as a prompt 
neutron or a delayed neutron. The nonleakage probability is therefore gos 
where 7 is essentially the same as in Table 3.4, and if p is the resonance escape 
probability, 


Delayed-neutron source term = pe~®*7 > rAUCi. 


t=1 


(4.13.1) 


Upon substituting the two contributions to the source term into the thermal 
diffusion equation (4.2.1) the result, in the absence of an extraneous source, is 
DV*¢ — Yad + (1 — B)kZape-F* + pe? s AUC; = et ee 

ft vat’ 
where @ and C; are functions of both space and time. 

4.14. It can be shown that, provided & remains constant, e.g., after a step 
vhange, the space and time variables of the flux are separable,* and then V*¢ 
inuy be replaced by —B%¢, as in § 4.7, if the system is not far from critical. 
If the resulting equation is divided through by 2., and L? substituted for D/Z. 
wnd ly for 1/2qv, as above, it is seen that 


—Brzy _m 
— (IAB + 1)$ + (L — Byker + PE— DE acs = oF 


t=1 


‘This may be divided through by 1 + L?B?, and the definitions of ker: and 1, given 


de. 


hy equations (3,125.1) and (3.127.1), introduced; the result is 


[ker(1 — 8) — 1]6 + % Pat as = (4.14.1) 

4.15. The problem now is to solve the differential equations (4.10.1) and 
(4.14.1). Since both are linear and first order, and since the space and time 
variables are separable, solutions of the form 


d = doe! (4.15.1) 


and 


Cy = Cel (4.15.2) 


*Alnve the concentration of each delayed-neutron precursor must be everywhere propor- 


Honal to the flux, the Cia are also separable into funetiona of space and time, 
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may be superimposed. It is then required to find the conditions on the parame- 
ters, represented by w and having the dimensions of reciprocal time, which per- 
mit such solutions. It should be noted that ¢o and C'» are the values of the 
neutron flux and of the concentration of the precursor of the 7th group of delayed 
neutrons, respectively, at time t = 0, at a specified point in the reactor. It will 
be recalled that t = 0 is the time at which the multiplication factor suffered a 
sudden change. 

4.16. Upon substituting the expressions for ¢ and C; into equation (4.10.1), 
it is found that 

C owe’? = —A,Cpe + a Ky bre! 

and hence 


kZabo  __ Bi _ 
Pp w + NG 


If the same expressions for ¢ and C; are also introduced into equation (4.14.1), 
with Cio given by equation (4.16.1), the result is 


kers(1 — 8) — 1 + kets a 


Cy = (4.16.1) 


Ae = (4.16.2) 


The total fraction, 8, of delayed neutrons is equal to the sum of the individual 
B,’s, and since kerr — 1 is defined as kex, it follows that equation (4.16.2) may be 


written as 
a AB; 
Kex + ke a. — 6.) = lw 
en, 


cD oe (4.16.3). 


or 





4.17. It is convenient, at this point, to introduce a quantity p, called the re- 
activity,* and defined as 


en nnn _ hex = Kett ~~ i. 


a kett — kets 


Hence, if equation (4.16.3) is divided through by kerr it is seen that 
Kex _ do a wi . 
ae a ky eg aan 

Alternatively, since by equation (4.17.1) kere = 1/(1 — p), it follows that 


(4.17.8) 


(4.17.1) 





(4.17.2) 





lw wB t 
OT ie aed papa 


*Some writers use Ak/k (or 8k/k) as essentially equivalent to the precise definition 
reactivity given here, 
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4.18. Equation (4.17.3) is the characteristic equation which relates the pa- 
rameters w to the nuclear properties of the materials present in the reactor, as 
represented by the quantities p, 8;,and \,;. It is seen to be an algebraic equation 
of degree m + 1 in w, so that there are m + 1 values of w corresponding to each 
value of the reactivity p. Thus the variation of the flux with time, at a given 
point in the system, may be expressed by a linear combination of m + 1 terms 
of the form of equation (4.15.1), i.e., 


b = Ace” + Are + --- + Ae t--- + Aneom (4.18.1) 


where wo, wi, ... , @iy +++) @m are the m + 1 roots of equation (4.17.3). The Ao, 
Aj, etc., are constants determined by the initial conditions of the reactor in the 
steady state, as will be seen below. 


StastE Reactor Periop: Positive REACTIVITY 


4.19. If the reactivity p is positive, i.e., ker > 1, it is found that m roots are 
negative and one is positive; thus, in equation (4.18.1) w) may be taken as posi- 
tive, and «1, ws, ete., as negative. Numerically, each of the m negative values 
of w is of the same order as one of the decay constants, d;, of the delayed-neutron 
precursors. As the time Z, i.e., the time interval following the small step change 
in the reactivity, increases, the contributions of all terms beyond the first on the 
right of equation (4.18.1) decrease rapidly to zero, because of the negative w 
values. In other words, these terms make a transient contribution to the neu- 
tron flux; they soon become negligible compared to the first term, which increases 
with time because of the positive w value. Hence, after a very short time in- 
terval, equation (4.18.1) reduces to the first term only, i.e., 


@ = Ace“. (4.19.1) 


Since wo has the dimensions of reciprocal time, it may be set equal to 1/7, so that 
o= Avget!?, 


4.20. It is evident, from the definition of the reactor period given in § 4.9, 
(that 7’ is here the reactor period after the lapse of sufficient time to permit the 
contributions of the transient terms to damp out. Consequently 7’, defined by 


Pig 


@o 


(4.20.1) 


is called the stable reactor period. The quantities 1/a:, 1/w2, ete., are sometimes 
referred to as transient periods, but they are negative and have no physical sig- 
nificance as reactor periods in the sense that 1/w) does. The w1, w., etc., are 
merely values of the parameter w which satisfy the characteristic equation of 
the problem considered here. They affect the rate at which the neutron flux 
changes for a short time only after the effective multiplication factor has been 
increased (or decreased), 
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NEGATIVE REACTIVITY 


4.21. If p is negative, i.e., kerr < 1, all m + 1 values of w, which are solutions 
of equation (4.17.3) for a particular p, are negative. The expression for the flux 
as a function of time, as given by equation (4.18.1), will then consist of m + 1 
terms with negative exponents. The magnitude of each term will thus decrease 
with time. The first term, with the smallest numerical (negative) value of wo, 
will decrease at a slower rate than the others, and will ultimately yield a stable 
(negative) period equal to 1/wo. 


OnE Group oF DELAYED NEUTRONS 


4.22. Some indication of the relative importance of the stable and transient 
terms in equation (4.18.1) may be obtained by considering the simple case in 
which there is assumed to be only one group of delayed neutrons with a decay 
constant, A, equal to the properly weighted average of the five actual groups.* 
It will be seen later that this average is given by 


he a “ (4.22.1) 


The values of \; and £; for the five groups of delayed neutrons from uranium-235, 
derived from the data in Table 2.11, are given in Table 4.1; it will be recalled 
from equation (2.7.1) that \ for any radioactive species is equal to 0.693/t3, 


TABLE 4.1. DECAY CONSTANTS AND YIELDS OF DELAYED-NEUTRON PRECURSORS IN FISSION 
OF URANIUM-235 


ty (sec) ri (see) B; Bi/Mi 
0.43 1.61 0.00085 0.0005 
1.52 0.455 0.00241 0.0053 
4.51 0.154 0.00213 0.0188 
22.0 0.0315 0.00166 0.0526 
55.6 0.0125 0.00025 0.0200 
Total 0.0073 0.092 


where #3 is the half life. The average decay constant, as defined by equation 
(4.22.1), is thus 0.0073/0.092 = 0.080 sec™!. 
4.23. For a single group of delayed neutrons, equation (4.17.2) becomes 


wat fhe pg (4.23.1) 
Pp Keete | OED 


which is a quadratic in w. Since it has been postulated that the system is not 





far from critical, kerr is not greatly different from unity, so that equation (4.23.1) 


* For a method of complete solution, taking into account all the delayed-neutron groups, — 


using the Laplace transform, see H. 8, Isbin and J. W, Gorman, Nueleonics, 10, No, 11, 68 
(1952), Alternatively, an electrical simulator may be employed (§ 4.56, et seq.), 
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can be reduced to 


as 108. 4.23.2 

p=lot+ atx ( ) 

which can be readily solved for w. Provided (8 — p + IA)? >> 2IIApl, as will be 
the case for thermal reactors with positive reactivities of 0.0025 or less, and for 
all negative reactivities, i.e., for p <8, the two solutions of this equation are 


a rua and, ~ —B—2). (4.23.3) 


Since these solutions hold provided p is less than 8, it is evident that wy represents 
the positive solution, the reciprocal of which is the stable reactor period. 

4.24. For a single (average) group of delayed neutrons, the variation of the 
thermal flux with time is given by equation (4.18.1) as 


& = Age” + Are, (4.24.1) 








and the corresponding expression for the delayed neutron precursor is 
C = Boe +- Bye“. (4.24.2) 


The problem of immediate interest is to determine the constants Ay and A}. 
This is achieved by writing equation (4.10.1) for the single precursor, i.e., 
ac 


k 
3 7 TC + BD Zed, (4.24.3) 


and substituting equations (4.24.1) and (4.24.2) for @ and C, respectively. An- 
other expression for dC’/dt can be obtained by differentiating equation (4.24.2), 
and, upon comparing the coefficients, expressions are obtained relating Ay to Bo 
and A, to By. 

4.25. If do is the steady-state flux of the reactor before the step change in the 
reactivity, i.e., at ¢ = 0, it follows from equation (4.24.1) that it is equal to 
Ao + Ai. Similarly, the steady-state value of the precursor concentration, Co, 


_is equal to Bo + By, by equation (4.24.2). Further, in the steady state dC/dt 


is zero, and so a relationship between Cy and ¢ can be derived from equation 
(4.24.3). With the information now available, and using equation (4.23.3) for 
w and w, it is found, after neglecting certain terms of small magnitude, that 





Ay © rete and Ay ~ ~3 é. = be (4.25.1) 


‘The variation of the thermal flux with time is consequently given by equations 
(4.28.8), (4.24.1), and (4.25.1) as 


‘ (4.25.2) 


Bip Bit 6 


If the reactivity is positive, then 8 — p will be positive, under the conditions 


dot _ @=p)t 
bm ofp tee | 
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postulated in the foregoing derivation, and so the first term in the brackets in 
equation (4.25.2) has a positive coefficient and the second a negative coefficient. 
The thermal-neutron flux is thus the difference of two terms, of which one (the 
first) increases while the other decreases with increasing time after the step 
in the reactivity.* ’ 
aes The second (or Pee term, with the negative exponent, dies out in 
a very short time. Subsequently the flux variation is given by the first term 


of equation (4.25.2), namely, 


Apt 





B-p (4.26.1) 
y é ) 
o = 0 poe 
so that the stable reactor period, assuming one (average) group of delayed 
neutrons, is 
ree. (4.26.2) 
Xp 


DIFFERENCE 


4sT TERM 
ees 


POSITIVE REACTIVITY 
p= 0,0025 
p= p,(1.5e%9%* — 0,.5e7**) 


RELATIVE NEUTRON FLUX 





O . 
0 020406 08 4.0 1.2 14 146 48 20 2.2 
TIME, SEC 


Fra. 4.1. Change of neutron flux with time for positive reactivity 


ivati i Yasstone and M, ©, Edlund, 
* For a complete derivation of equation (4.25.2), see 8. G 
“Blements of Ni uclear Reactor Theory,” D, Van Nostrand Co, Ine., 1952, § 10.30 et seq. 
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Example The reactivity of a natural-uranium reactor, in which the thermal-neutron 
lifetime is 10-* sec, is suddenly made 0.0025 positive; assuming one group of delayed 
neutrons, determine the subsequent change of the flux with time. Compare the stable 
period with that which would result if there had been no delayed neutrons. 

For one (average) group of delayed neutrons ) is 0.08 sec—; p is given as 0.0025 and 
las 10~*, whereas 6 for uranium-235 is taken to be 0.0075. Consequently, by equation 
(4.25.2), 


b = do(1.5e%! — 0.5e--0), 


The numerical values of each term on the right and of their differences are plotted in 
Fig. 4.1. The second (transient) term is seen to die out after about 0.8 sec. 

By equation (4.20.1) the stable period (1/wo) is 1/0.04 = 25 sec, assuming one group 
of delayed neutrons. If there had been no delayed neutrons the period, according to 
equation (4.9.2), would have been 10-°/0.0025 = 0.4 sec. The effect of the delayed 
neutrons in increasing the reactor period, i.e., in decreasing the rate of growth of the 
neutron flux after a change in the multiplication, is very marked. 


4.27. A more complete calculation, taking into account all the groups of de- 
layed neutrons, gives a stable period of 14 sec for a positive reactivity of 0.0025. 
The difference between this value and that obtained above (25 sec) arises largely 
from the approximations made in deriving equation (4.25.2). These approxi- 
mations are much less serious for small reactivities, e.g., 0.001 or less, and then 
the results obtained using one group of delayed neutrons are reasonably good. 

4.28. For very small reactivities, i.e, for very long periods, p in equation 
(4.26.2) may be neglected in comparison with 8; this equation then becomes 


T w £. (4.28.1) 

Xp 
Since 6/d has a definite value for a given fissionable material, e.g., 0.092 for 
uranium-235 (see Table 4.1), it is seen that at low reactivities the stable reactor 
period is inversely proportional to the reactivity. As will be mentioned later, 
this fact has been utilized in connection with large reactors; for such reactors the 
effective multiplication factor is never much greater than unity and the reac- 


- tivities are usually small. 


4.29. It will be noted from Fig. 4.1 that immediately after the step change 
in the multiplication factor, ie., at times very soon after ¢ = 0, the neutron flux 
increases rapidly; this is sometimes referred to as the initial prompt rise of the 
flux. The rate of the initial rise may be calculated by first differentiating equa- 
tion (4.24.1) with respect to time and setting ¢ = 0, i.e., 


ea = Aowo + Ayo. 


Upon introducing the values of Ao, Ai, w, and w; derived above, it is found that 


Pe r 
see Gott (4.29.1) 





234 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING (4.29 


From the definition of the reactor period, e.g., equation (4.9.1), 


Lae oe 


oe ee 
and if 7’) represents the initial reactor period at t = 0, it follows from equation 
(4.29.1) that 
De citi eds ts B. (4.29.2) 
T Gott 
4.30. For moderately small values of p, the first term on the right side of equa- 
tion (4.29.2) may be neglected, and then 





vedas (4.30.1) 


_ p Kex. 
the final result being based on the fact that p is equal to kex/ket:, by definition, 
whereas ker: is not very different from unity. It is seen from equation (4.30.1) 
that the initial reactor period 7p is identical with that given by equation (4.9.2) 
for the case where all the fission neutrons are released promptly. Thus, for 
small reactivities, the initial rate of growth of the neutron flux, following a step 
change, is almost the same as if all the fission neutrons were prompt.* 

4.31. The physical interpretation of this situation is as follows. The number 
of delayed neutrons contributed to the chain reaction at any instant is propor- 
tional to the thermal-neutron flux at some previous time, but the number of 
delayed-neutron precursors produced by fission, i.e., the number of neutrons 
being delayed , is proportional to the flux at the given instant. For a short time 
after the change in the effective multiplication factor the neutron flux will not 
change very greatly, provided the reactivity is small. The number of delayed 
neutrons contributed to the system will then not be appreciably less than those 


being delayed. Hence, for a very short time, during the initial prompt rise, the ~ 


reactor behaves as if all the fission neutrons were prompt, and the flux increases 
with a period of approximately U/k.x., However, as the neutron flux grows with 
time, fewer delayed neutrons enter the chain-reacting system than are being 
delayed, and the rate of increase of the flux gradually falls off. Ultimately, the 
rate of growth is determined by the stable period, equal to 1/w». 


One Grove or Detayep Neutrons: NecativE REACTIVITY 


4.32. The approximations made in deriving equation (4.25.2) are applicable 
for almost any negative values of p, especially for large negative values of the 
reactivity. This equation may thus be used to provide an indication of the 
manner in which the neutron flux decreases as the result of a negative step change 
in the effective multiplication factor. For purposes of comparison with the re- 


* It should be understood that 7’) does not represent a stable reactor period. An examina- 
tion of the derivation given above shows that it is a purely transient period arising from the 
second term on the right of equation (4.24.1), 
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sults obtained in the example given above, it will be supposed that p is — 0.0025; 
taking the values of /, \, and 8 to be the same as before, equation (4.25.2) now 
becomes 


& = g0(0.75¢e-! + 0.25e7-*), 


The values of the two terms and their sum are plotted in Fig. 4.2. It will be 
noted that the coefficients of both terms are now positive and the exponents are 
both negative. However, the large negative exponent in the second term on the 
right makes this damp out fairly rapidly, in about 0.5 sec, as seen in Fig, 4.2 
When this term ceases to be significant, the stable period appears to be —1/ 0.02, 
1.e., —50 sec, compared to roughly 25 see when p is 0.0025 positive (§ 4.27). 


{st TERM 


NEGATIVE REACTIVITY 


p=-0.0025 
p= $,(0.75e °°?* + 0.257 19F) 





O 0.204 06 O08 1.0 1.2 1.4 16 4.8 2.0 2.2 
TIME, SEC 


Fia. 4.2, Change of neutron flux with time for negative reactivity 


4.33. If all the fission neutrons were prompt the reactor periods would be 
—0.4 sec for p = —0.0025 and 0.4 sec for p = 0.0025. It is evident, therefore, 


that, whereas the presence of delayed neutrons slows down the rate of increase 


of flux when the reactivity is positive, it slows down the rate of decrease to an 
even greater extent when the reactivity is negative. This may be seen more 
clearly from Fig. 4.3 which covers a considerably longer period of time than the 
two preceding figures.* It will be shown below that it is not possible to reduce 
the neutron flux in a reactor more rapidly than is permitted by the most-delayed 
neutron group (§ 4.41). 
4.34, Since the arguments leading to equation (4.30.1) apply irrespective of 
the sign of the reactivity, it follows that immediately after the multiplication 
* These curves are based on calculations using one (average up of del: 
Vor the particular value of the positive reactivity chosen, ae oo the 0 ec 


ane) He, are too low (see Isbin and Gorman, loc, cit.), although they are qualitatively 
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factor of the reactor undergoes a step decrease, the initial period is equal to 
I/Kex, Where kex is now negative. The rate of decrease of the neutron flux is 
then the same as if all the neutrons were prompt. Thus, for very small times 
after the change in the multiplication factor, the two curves in Fig. 4.3 are seen 
to be symmetrical. The physical basis of this result is the same as given above 
for the case of positive reactivity. After a short time, however, the delayed 
neutron effect causes a considerable slowing down of the rate of decrease of flux. 
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Fig. 4.3. Comparison of effects of positive and negative reactivities 


REAcTIVITY AND PERiIop: PosiItIvE REACTIVITIES 
4.35. If w in equation (4.17.2) is replaced by 1/7, where T' is the stable re- 


actor period, the result is 


Pe Thett Lae 


tw=1 


which provides a relationship between the reactivity and the stable period. If 
the period T is given, the reactivity can be calculated, since /, 8; and \; may be 
regarded as known, and ker; may be taken as unity, for the results derived above 
apply only to systems that are not far from critical. The reverse procedure, 
ie., the calculation of the stable reactor period for a given reactivity involves 
solution of an (m + 1)th, ie., sixth, order equation. However, for positive re- 
activities that are not too high, results in good agreement with those given by 
this elaborate procedure can be obtained by the method based on one average 
group of delayed neutrons, as already described. 

4.36. Considerable simplification is possible when the stable period is large, 
that is to say, when the reactivity is very small. In this case, unity may be 
neglected in comparison with each );7' in the terms of the summation in equation 
(4.35.1). Further, the first term on the right will be small in comparison with 
the summation, so that for small reactivities, or large reactor periods, equation 


l aye Bi (4.35.1) 0 
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(4.35.1) reduces to 


° 
4 
» 


d. 

2 
yIR 
Ms 
212 


or 


T = 


De 
M: 
Zs? 


" 
_ 


(4.36.1) 


a 


Since all the 8,’s and ),’s have definite values for a particular fissionable material 
it is apparent that the reactivity and stable reactor period are inversel oh 
tional to each other. The proportionality constant should be the seiko Tor 
thermal reactors using a given fissionable material, and should be inde “d ; 
of the reactor size and structure, provided the reactivity is small fore 
4.37. It will be noted that equation (4.36.1) becomes dentinal with equation 


(4.28.1), based on a single group of i 

; p of delayed neut 

aa yed neutrons, provided the average decay 
A= 3 Bs 


This is, in fact, the definition used in § 4.22, so as to make the singl 
roughly equivalent to the m actual groups of delayed neutrons. ee 
4.38. For small reactivities, the stable period for a given reactivity is seen t 
be independent of the neutron lifetime, 1, because the first term on the right ‘ 
equation (4.35.1) is then small in comparison with the second. However Pa 
larger values of p, i.e., for shorter reactor periods, the effect of the anes dine 
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1a, 4.4, Reciprocal of stable period for various neutron lifetimes 
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time becomes evident. The relationship between the reactivity and 1/T, the 
reciprocal of the stable period, is shown in Fig. 4.4 for neutron lifetimes of 10~, 
10‘, and 10 sec. The stable periods for a few reactivity values are also given 
in Table 4.2, for the same three neutron lifetimes. At low reactivities, the 


TABLE 4.2. REACTOR PERIOD AND REACTIVITY 











Neutron Lifetime (sec) 10-3 10-4 105 
Reactivity Reactor Period (sec) 
0.001 60 60 60 
0.003 10 10 10 
0.005 2.5 2.5 2.5 
0.007 0.8 0.2 0.14 
0.010 0.3 0.04 0.0003 





three curves coincide, so that for a specified reactivity the period is independent 
of the neutron: lifetime, as stated above. For higher reactivities, e.g., greater 
than about 0.005, the stable period corresponding to a given reactivity decreases 
as the lifetime decreases. This means that for higher reactivities the neutron 
flux will increase at a more rapid rate the smaller the neutron lifetime. At such 
reactivities, reactors with short neutron lifetimes, e.g., fast reactors, are more 
difficult to control than are those in which the neutrons have longer lifetimes. 
At low reactivities, however, no difference should be experienced with respect 


to control. 
4.39. At sufficiently high values of p, so that 7’ is small, the second term on 


the right side of equation (4.35.1) can be neglected in comparison with the first. _ 


The stable period for large reactivities is then given by 


atest 
— pkers 





a 

Kex 

which is the same as if all the fission neutrons were prompt. Thus, when the 
reactivity is small, the rate of increase of neutron flux (after the transients have 
died out), for a given value of p, is determined essentially by the neutron delay 
time, and is independent of the much shorter neutron lifetime. At high re- 
activities, however, particularly when p > B, the contribution of the delayed 
neutrons is negligible in comparison with that of the prompt neutrons. The 
reactor then behaves as if virtually all of the fission neutrons were prompt; the 
stable period is then dependent on the neutron lifetime, as shown earlier. 


Reactivity AND Prriop: NuG@ative RBACTIVITIES 


4.40. For numerically small negative values of the reactivity, the approxima 
tions made in deriving equation (4.28,1) are valid, ‘The negative stable period 
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is then inversely proportional to the negative reactivity. However, for large 
negative reactivities, the stable periods calculated on the basis of one average 
group of delayed neutrons, which are fairly satisfactory for positive reactivities, 
are too small. This is because, after the transients have died out, the rate of 
change of neutron flux, especially for moderate and large negative reactivities, 
is determined by the most-delayed neutrons, and not by the average, as is es- 
sentially true for positive reactivities. 

4.41. In physical terms, it may be said that when the reactivity is made nega- 
tive, as in reactor shut-down, delayed neutrons, resulting from fissions occurring 
before shut-down, continue to be released. These prevent the neutron flux from 
decreasing as rapidly as would have been the case if there were no delayed neu- 
trons. After a little time, the shorter-lived precursors will have decayed almost 
completely, and the delayed neutrons remaining are essentially those belonging 
to the group having the precursor of longest life, i.e., the one for which X is 
0.0125 sec—! (see Table 4.1). In these circumstances, equation (4.35.1) sim- 
plifies to 


ined 
ee 1 P 


where \; has the value just given. It should be noted that @ is larger than 
usual since the delayed neutrons now constitute a greater proportion of the 
fission neutrons. As p increases numerically, it is evident that (1 + 17’) — 0, 
so that, for large negative reactivities, the stable period, 7’, approaches —1/\1, 
i.e., —1/0.0125 = —80 see. 

4.42. Observations have shown that thermal reactors containing carbon 
(graphite) or ordinary water as moderator do, in fact, attain a stable period of 
about —80 sec when shut down (see Fig. 5.13). When the moderator is beryl- 
lium or heavy water (deuterium oxide), the period is even longer due to the fact 
that gamma rays from the fission products continue to release neutrons as a 
result of the photoneutron reaction with the moderator (§ 2.74). Allowance for 
the effect of the photoneutrons can be made by introducing appropriate values 


‘for B and 2 into the kinetic equations.* 


Tur InnouR ForMULA 

4.43. The reactivity is sometimes expressed in terms of the inverse hour or 
“inhour” unit, defined as the reactivity which will make the stable reactor period 
equal to 1 hour, i.e., 3600 sec. Thus, the value of the inhour unit in terms of 
reactivity is obtained by setting 7’ in equation (4.35.1) equal to 3600 sec, since 
the A, are usually expressed in sec~'. The reactivity of a reactor in inhours, 
represented by Ih, is then obtained upon dividing equation (4.35.1) by the cor- 
responding value of the inhour unit; thus, 


* Of A. Lundby, Nucleonics, 11, No, 4, 16 (1958), 
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in Bias TERE (4.43.1) 


l Bi 
3600K er » 1 + 3600; 


a 


This expression is the correct form of the inhour formula, although the related 
equations (4.17.2) and (4.35.1) are sometimes referred to by this name. 

4.44. It can be seen from equation (4.43.1) that, in general, the reactivity 
given in inhours does not define the stable reactor period in a simple manner. 
Nevertheless, for large reactors, such as the natural uranium-graphite reactors, 
the reactivity is frequently expressed in inhours. The reason is that for small 
reactivities, i.e., for long reactor periods, unity may be neglected in comparison 
with \;7 and 3600);, and equation (4.43.1) then reduces to 


~ 3600 ~ 3600 4.44.1 
Th T or T= Th” ( ) 


so that the reactivity in inhours is inversely related to the stable reactor period 
in a simple manner. In fact, if the reactor period is expressed in hours, it is 
equal to the reciprocal of the reactivity in inhours. 

4.45. By comparing equations (4.36.1) and (4.44.1), a relationship between p 
and Ih may be obtained, namely, 


LAB: 3600, 
oe 


For uranium-235, the sum of the five 8;/\; values is 0.092, and so 
p = 2.6 X 10~°Ih. 


Although this result is strictly applicable only for long reactor periods, neverthe- ~ 


less it is sometimes combined with equation (4.35.1) to give the relationship 


ee eared + ea) 


where Ker; has been taken as unity; / and T are usually expressed in seconds, and 
so the \,’s are in reciprocal seconds. Upon inserting the known values of B; 
and X,, from Table 4.1, and that of / for thermal neutrons in the given reactor, 
an expression is obkeiad’ relating the reactivity in inhours to the reactor period. 


Tur PrRomMpt-cRITICAL CONDITION 


4.46. When a reactor is critical on prompt neutrons alone, it is said to be 
prompt critical. The required condition for prompt criticality can be obtained 
from equation (4.14.1). If the delayed-neutron source term is ignored, so that 
prompt fission neutrons only are considered, this equation becomes 
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d 
[her(l — 8) — 116 = 15%. 


For the reactor to be critical, the flux must not vary with time, i.e., d¢/dé must 
be zero; since ¢ and / are not zero, the prompt-critical condition is 


kere(1 — 8) —-1=0 
or 
kere — 1 
kett 


By the definition of equation (4.17.1), the left side is equal to the reactivity, so 
that the required condition is 


= p. (4.46.1) 


p=B, 


i.e., a reactor becomes prompt critical when the reactivity is equal to the frac- 
tion of delayed neutrons. A thermal reactor in which the fissionable material 
is uranium-235 thus becomes prompt critical when p is 0.0075, so that kerr, which 
is equal to 1/(1 — 8) by equation (4.46.1), is then close to 1.0075.* 

4.47. When the effective multiplication factor is greater than the prompt- 
critical value, the chain reaction can be maintained on the prompt neutrons 
alone. The reactor is then said to ‘‘outrun” the delayed neutrons. If the 
delayed neutrons made no contribution at all, it can be readily shown that the 
stable reactor period would be given by 


l 
= ———__, 4.47.1 
: kex(prompt) ( ) 


where kex(prompt) is the amount by which the effective multiplication factor 
exceeds the prompt-critical value, i.e., 


kex(prompt) = kets — = Kere(1 — 6) — 1, 


el! 
i— 


since 1 — 6 is not greatly different from unity. Further, by definition, kes: is 


equal to 1/(1 — p), as seen from equation (4.17.1), and so it follows that 


kex(prompt) ~ 4" — (p — pre 


‘The stable period for reactivities in excess of the prompt-critical value is then 
given by equation (4.47.1) as 


ies) 2 et. oud (4.47.2) 








p—B Kett p—B 


* Although the data in Tables 2.11 and 4.1 indicate that 6 is 0.0073, it is taken here to be 
0,0075 for the reason given in § 2.167. 

| The same expression can be obtained directly from equation (4.35.1) by neglecting );7' in 
comparison with unity, since the reactor period is short, The treatment given above, how- 
over, brings out the physical significance of the result, 
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This result is applicable only when p > 8; it does not hold at prompt critical 
for then p — # is zero, and the stable period can be obtained only by solving 
equation (4.35.1). 

4.48. If p — B is large enough for 6 to be neglected in comparison with p, 
equation (4.47.2) reduces to ) ; 

SE ae tie 

as given in § 4.39. The reactor period is then approximately equal to that which 
would result if all the neutrons were prompt. The contribution of the delayed 
fission neutrons is negligible in comparison with that of the prompt neutrons. 

4.49. Some indication of the rate of increase in the neutron flux as a result 
of fission of uranium-235, for various reactivities, will be found in Fig. 4.5; the 
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RELATIVE NEUTRON FLUX 
£ 


Fig. 4.5. Rate of increase of neutron flux following a sudden increase in reactivity 


values of p are 0.001; 0.0075, i.e., prompt critical; and 0.015, respectively, the 
neutron lifetime J being taken as 10~* sec in each case. It should be noted that 
in order to plot the three curves on one figure, the time scale has been made 
logarithmic; the change in behavior as p is increased is thus more marked than 
would appear at first sight. An examination of the curves shows that when p 
is 0.001 it takes over 100 sec for the neutron flux to increase 10-fold, but when 
p is 0.0075, the same increase occurs in about 1 sec, and when p is 0.015, it would 
require about 0.2 sec. The rapid increase in the flux when the reactivity exceeds 
the prompt-critical value would make the reactor difficult to control, and special 
precautions must be taken that this condition does not arise in reactor operation, 
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4.50. On account of its special significance, the prompt-critical condition is 
sometimes used as the basis for a reactivity unit, especially for reactors having 
considerable latent (or built-in) excess multiplication (see Chapter VI). The 
unit, called “‘the dollar,” is defined by 


Reactivity in dollars = “s. 

A “cent” represents a one-hundredth part of a dollar. When prompt critical, 
a reactor has a reactivity of one dollar. For a thermal reactor using uranium- 
235 as the fissionable material, for example, a reactivity of $1.50 would imply 
an excess multiplication of 1.50 * 0.0075, i.e., 0.0113, and an effective multi- 
plication factor of 1.0113.* 


LINEAR CHANGE OF MULTIPLICATION FACTOR 


4.51. In the discussion so far it has been postulated that the multiplication 
factor of the reactor undergoes a sudden (or step) change. A more difficult 
problem arises when the change is a linear function of the time, sometimes 
referred to as a “ramp” change, when the effective multiplication factor is ex- 
pressed by 

kets = ko + rt, (4.51.1) 


where 7 is a constant. This type of change is an approximation to that which 
occurs when a control rod of a reactor is withdrawn or inserted at a constant 
rate, over a small range. Some simplification in the representation is possible 
if the neutron density, rather than the neutron flux, is used in the kinetic equa- 
tions, and so the appropriate changes will first be made. 

4.52. If ¢in equation (4.14.1) is replaced by nv, where n is the neutron density 
and v the velocity of the thermal neutrons, and recalling the definitions of ket 
and l as given by equations (3.125.1) and (3.127.1), it can be readily shown that 


— pg) — 1+ ne 0,0, = 4.52.1 
[Kers(1 B) 1) 1 + pe a AL; at ( ) 
In an analogous manner, equation (4.10.1) can be transformed into 
OC; _ 9 _hete MN yw 
a Pha peor] AC. (4.52.2) 


Upon substituting the expression for \,C; obtained from equation (4.52.2) inte 
(4.52.1) the result is 


ny oe eH Bir Wh OCs ON 4.52.3) 
(here ~ 1) = pe 4 Be oe. ( : 


4.53. The equation (4.51.1), representing the time variation of the multipli- 
cation factor, can now be inserted for ke in equation (4.52.3); if this is then 


"J.P, Prang, Report ANCD-38260, 
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differentiated with respect to ¢, and 0°C’,/d@ eliminated by means of equations 
(4.52.1) and (4.52.2), it is found that 


ee 1-8) 4 
fo +f, 4 tobG— Ole 


dé l 
ee 53.1 


assuming the delayed neutrons to consist of a single group with an average decay 
constant X. This is of the form of 


an dn _ 
pt (A+ BO a + C+ Din = 0, 


where the values of A, B, C, D are determined by the initial condition of the | 


reactor and the rate of the linear change of multiplication. 

4.54. Several solutions of the differential equation (4.53.1) have been given, 
but they are too complex to be reproduced here.* Nevertheless, linear changes 
in the effective multiplication factor, following upon different operating con- 
ditions, are important in reactor operation; a few of the possibilities are summa- 
rized in Table 4.3. The columns headed ket:, n, and dn/dt refer to the conditions 
before the linear change is made in ker, i.e., for ¢ < 0; the last column gives the 
sign of r, ie., of dke/dt, for the linear change in kes when i>0O. The term 
“period safety” implies the automatic insertion of a control rod when the reactor 
period exceeds a prescribed value (see Chapter VI). 


TABLE 4.3. CONDITIONS FOR LINEAR CHANGE IN REACTIVITY 





dn 
kets(t < 0) n(t < 0) rs (k < 0) r(k > 0) 
Start-up <1 small zero positive 
Shut-down ~1 operating level zero negative 
Recovery <1 (not important) | negative positive 
Period safety SE (not important) | positive and large negative 


wo ee 
KINETICS OF CIRCULATING-FUEL REACTORS 


4.55. In some reactors (or reactor designs) a fluid fuel, either a solution, a 
slurry, or a melt, is circulated through a heat exchanger outside the reactor to 
remove the heat generated by fission. In such a system some of the delayed 
fission neutrons are released outside the reactor core and so do not contribute 
to the fission chain. As far as the neutron flux (or density) variation with time 
is concerned, equations of the form of (4.14.1) or (4.52.1) are still applicable, 
but equations (4.10.1) or (4.52.2) for the concentrations of the delayed-neutron 


i \~ ; h, Report 
*See R. R. Coveyou and T, W. Mulliken, Report, ABCD-2407; 8. Wallach, 
WAPD-13; H. Hurwitz, Report AECD-2488; Nucleonics, 8, No. 1, 61 (1949), 
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precursors must be modified to allow for the fact that some of these precursors 
decay outside the reactor. Further, another expression must be introduced to 
describe the rate of decrease in the concentration of the precursors in the heat 
exchanger. The resulting differential equations are more complicated than those 
given above, but they can be solved in certain cases.* Without going into de- 
tails, it can be seen that the result of circulating the fuel will be to decrease the 
effective value of 8, the fraction of delayed neutrons released in the reactor, but 
to increase the effective decay constant, \, since the most delayed neutrons will 
tend to be released outside the reactor. The over-all result, as may be seen from 
equation (4.26.2), for example, will be to decrease the reactor period correspond- 
ing to a given change in reactivity; this is, of course, to be expected. In general, 
the effects due to delayed neutrons will be less marked in a circulating-fuel re- 
actor than in one in which the fuel remains within the reactor core. 


SOLUTION oF KINETIC Equations By REAcToR SIMULATORS 


4.56. Solution of the differential equations encountered in reactor kinetics 
has been greatly facilitated by the use of electronic simulators. A simulator, 
in general, is a “real time’’ analogue computer; that is to say, it is a device which 
displays the analytical behavior of the system on the same time scale as would 
apply to the system itself. Thus a simulator can take the place of the simulated 
system, such as a reactor, in relation to other “real” systems. For example, 
if it is required to test a servomechanism to be employed in conjunction with a 
particular reactor, a simulator may be used for the purpose. Frequently, it is 
found convenient to alter the time scale of the computer; it then ceases to be a 
simulator in the strict sense of the term and is merely an analogue computer. 
Although such a computer is useful for analytical purposes, it cannot be used 
for testing servomechanisms and other systems. 

4.57. With the correct conversion factors, a simulator will act in'a manner 
that is essentially identical with the actual system. There are, however, certain 
limitations upon the accuracy of the analysis performed with the aid of a simu- 


lator. In the first place, although the simulator can be designed to obey a set 


of differential equations, it is doubtful whether the behavior of the simulated 
system is represented exactly by these equations. As will be seen below, it is 
possible to design an electrical simulator which satisfies the equations of reactor 
kinetics, but it is known that these equations are based on numerous approxima- 
lions. Consequently the reactor simulator cannot provide a complete repre- 
sentation of the actual behavior of the reactor. Further, it is not possible to 
(ake into account transient or spatial variations of a relatively minor character 
which must inevitably occur within an active system, such as a reactor, of ap- 
preciable size. In spite of their obvious limitations, simulators have proved very 
useful in the study of reactor kinetics. The results they give are at least as good 
a8 those that could be obtained in a more laborious manner by direct analysis. 
"Of J, A, Mock, Jv., Nucleonica, 12, No, 10, 62 (1964), 
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4.58. Three basic electrical elements are used in the construction of computers; 
these are the resistor, the capacitor, and the inductor. The currents (/) through 
these elements are different functions of the voltage (Z) across them. Thus, 
in the case of a resitance R, the current is given by J = E/R; for a capaci- 
tance C, the result is 7 = C(dE#/dt); and for an inductance L, the value of J is 


r Edt. Consequently the three elements can be used for different operations. 


Pure inductances, free from resistance and capacitance, are difficult to obtain 
and so they are avoided as far as possible. In some cases, mechanical devices 
are employed in conjunction with electrical elements (§ 4.112). 

4.59. The basic principles of a simulator for reactor kinetics can be explained 
most simply by considering, in the first place, one group of delayed neutrons. 
In this case, equation (4.23.1) is applicable, and if this is multiplied through by 
¢, the thermal-neutron flux, the result, after slight rearrangement, is 


Bu lo 


PR tea 


In view of the significance of w as given by equation (4.15.1) or (4.19.1), it is 
evident that w, as an operator, is equivalent to d/dt; hence, bearing this in mind, 





— pp = 0. (4.59.1) 


equation (4.59.1) is seen to be the differential equation, in operational form, rep- . 


resenting the time variation of neutron flux in a reactor of reactivity p.* 

4.60. Consider, next, the electrical circuit shown in Fig. 4.6. The direct- 
coupled amplifier is “double-ended,” so that the positive voltage (+) output 
is equal in magnitude but opposite in sign to the negative voltage (—£), Using 


CURRENT SOURCE 


VOLTMETER 





Fig. 4.6. Simplified circuit of reactor simulator 


*It is of interest to note that equation (4.59.1) or, more correctly, the form involving m 
groups of delayed neutrons, which is equivalent to equation (4.17.2), can be readily derived 
from equations (4,10,1) and (4,14,1) by using w to represent the operation d/dt, 
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w in place of d/dt, the currents J,, 2, and J; through the various parts of the 
circuit are given by 


tap Ae ea 
fy = RiCw -+ } B, 
Le — Cwk, 


and 
Iz = f(D, P, R)E, 


where f(D, P, R) is a simple function of the fixed resistances R and P, and of 
the variable distance D at which the arm of the potentiometer P makes contact. 
According to Kirchhoff’s second law 


i+, —-I; = 0, 


and so it follows that the differential equation satisfied by the circuit under 
consideration is 
Cw 
PyCw + 1 


4.61. An examination of equations (4.59.1) and (4.60.1) shows that they are 
analogous, and so the circuit of Fig. 4.6 can evidently form the basis of a simu- 
lator for reactor kinetics. An exact equivalence can evidently be obtained by 
the choice of A; and C, in terms of \ and 8, of C2 in terms of 1/kes, and P and R 
so that the distance D is a measure of the reactivity. In order that the capaci- 
tance C2 may have a definite value, it is necessary to make an approximation 
in equation (4.59.1) by supposing that ker is close to unity. Thus, by choosing 
the proper components of the circuit, the output voltage EH of the amplifier be- 
comes a direct measure of the neutron density (or flux). By changing the posi- 
tion of the contact of the potentiometer P, so as to correspond to a particular 
reactivity, e.g., for a step or ramp change in the multiplication factor, the time 
variation of the neutron density can be observed from the readings of a suitable 
voltmeter placed across the output of the amplifier. 

4.62. In a reactor simulator of the form just described, it is a simple matter 
to take into account the m, ie., five, groups of delayed neutrons. All that is 
necessary is to use m resistance-capacitance delay networks, such as R,-C, in 
Vig. 4.6. The differential equation obeyed by the electrical system will then 
contain m terms similar to the first on the left of equation (4.60.1), one corre- 
sponding to each group of delayed neutrons. Allowance for all these groups, 
instead of one average group, makes possible a more exact representation of 
transient behavior. This is important in connection with the testing of servo- 
mechanisms for automatic reactor control.* 


E + CwE — f(D, P, R)E = 0. (4.60.1) 


* For descriptions of reactor kinetics simulators, see P, R. Bell and H, A. Strauss, Rev. Sci. 
nat, 21, 760 (1950); W, Pagels, Proc. Am. Inst. Eng., 70, 1422 (1951); F. E. O’Meara, J. Appl. 
Phys, 24, 1200 (1968); I’, I, O'Meara and K, H, Fischbeck, Proc. Conf. on Nuc. Eng., 
Berkeloy, 1958, D-29, 
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SINUSOIDAL VARIATION OF REACTIVITY 


4.63.* In the dynamic analysis of any system, e.g., in connection with the 
design of a servomechanism, it is necessary to determine the response or transfer 
function.{ This involves a knowledge of the change resulting from a small 
variation, often sinusoidal in character, in one of the parameters of the system 
referred to by the general name of parametric forcing. In the case of a reactor, 
for example, this might be represented by the change in the neutron density 
due to a small harmonic variation in the reactivity, i.e., reactivity forcing. 

4.64. Suppose that a reactor is operating in a steady state, so that n = mo, 
C; = Cw, and kes = ko, and let. ker undergo small variations, such that 
kets = ko + k’, where ko is constant and k’ is small and time dependent. Sim- 
ilarly, let the values of n and C; corresponding to the new values of kes be 
n=nm +n’ and C; = Co+C,. Upon substituting these expressions for kes: 
n, and C; into equations (4.52.1) and (4.52.2), and neglecting all products of 
primed quantities, since they will be very small, the results are 


dn’ 1- ko = B) p25 No 1- B) , —B, vm Yon ) 
re + i n= i k’ + pe Dy i (4.64.1) 
and 


dC’ _ Bilrok! + n'ko) (4.64.2) 


“dt lpe—B* 


These equations will hold for any small variation in kegs. 
4.65. In the particular case where the variations are sinusoidal in character 
with a forcing frequency of wy,, e.g., for sinusoidal reactivity forcing, let 
= ke? 
and, correspondingly, 
ni =ne* and Ci = Ce, 
where ka, Na, and Cia are the respective complex amplitudes. The operator 


d/dt can thus be replaced by jw;, and hence it can be found from equations 
(4.64.1) and (4.64.2) that 
1— 6+ >> fa 


Na 1 4 joy “ Ni 


Wis a cs 
1-(1 Ba + jl — fa = BR 


> 


Tee 
ee 


In the case of one (average) group of delayed neutrons, this would reduce, after 


* The material for §§ 4.63 to 4.74 was contributed by W. H. Jordan and J. D. Trimmer, 

+ Cf. G. 8. Brown and D. P. Campbell, ‘Principles of Servomechanisms,”’ John Wiley & 
Sons, Inc., 1948; G. J. Thaler and R. G. Brown, “Servomechanism Analysis,” McGraw-Hill 
Book Co, Inc., 1953; or other staridard textbook. See also, J. M. Harrer, et al,, Nucleonies, 
10, No, 8, 82 (1952), 
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rearrangement, to 





fi 1-— 
2 ko 1 + jor Xx B 
Me i ko + Dd en) 
No a 1-— wo? iad — ae + Sete ) 


ko 
4.66. An equation of this form is satisfied by the electrical circuit in Fig. 4.7; 
if H; is the input voltage and EF, the output, then the voltage ratio is given by 


Eo 1 + jwrCRo (4.66.1) 


E; 1 — wfLC + josC(R + Ro) 


using jws, as above, to represent the operator d/dt. It is evident, from a com- 
parison of equations (4.65.1) and (4.66.1), that the circuit in Fig. 4.7 can form 
the basis of a simulator to represent the behavior of a nuclear reactor under- 
going a small sinusoidal change in reactivity. If the input voltage, H;, is made 
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Fia. 4.7.. Electrical circuit for determining effects of sinusoidal reactivity variations 


equivalent to nok.a/(1 — ko), where ka is the complex amplitude of the effective 
multiplication factor, then the output voltage HZ, will be equivalent to ma, the 
corresponding neutron density amplitude. Thus, equation (4.66.1) can indicate 
the response of a reactor to reactivity forcing, and the circuit can be used in an 
electrical simulator for testing a system to be used with the reactor near an equi- 


_librium condition, e.g., in testing a servomechanism to be used for automatic 


control at a prescribed power level. 


KONETICS OF REACTOR WITH PRIMARY SOURCE 


4.67. In the discussion so far, the possibility of a primary (or extraneous) 
neutron source, i.e., a neutron source not part of the fission chain, being present 
in the reactor has been disregarded. All reactors actually have such a source, - 
even if it is due only to spontaneous fission and to the action of cosmic rays. 
Some reactors have, in addition, a built-in neutron source, of the type described 
in Chapter II, to facilitate start-up operations (see § 6.161). When the reactor 
is Operating at a reasonable power level, the contribution of the primary source 
in negligible, as shown in § 3.197, and the effective multiplication factor in the 
stationary state is essentially unity. At very low neutron fluxes, however, such 
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as might arise in reactor start-up and in certain experiments, the contribution 
of the source may be significant. 

4.68. Although the diffusion equation (4.2.1) is quite general, it was assumed 
in its subsequent development that no primary source was present in the re- 
actor. If there is a constant source, represented by Sp) neutrons/(cm')(sec), 
equation (4.52.3), for example, would become 





1)  — penBe $7 OEE 4g, = OM 4.68.1 
(kets — 1) 7 — pe Dae ON ( ) 


If the reactor is in a steady state, so that 9C;/dt and dn/dt are both zero, it 
follows from equation (4.68.1) that 


ni wt Oe (4.68.2) 


wi hen 





so that if n is to be finite, ker must be less than unity. A reactor containing a 
primary source will thus be stable in a subcritical state, i.e., with ker <1. It is 
seen, too, that the neutron density (or flux) is determined, apart from J, by the 
source So and the value of 1 — ker. With a truly critical reactor, i.e., So = 0 
and ke = 1, however, the neutron density in the steady state can have any 
value, in principle. 

4.69. It may be noted, in passing, that equation (4.68.2) can be used to derive 
the expression for the subcritical multiplication given in § 3.192. In a non- 
multiplying medium, i.e., in the absence of fissionable material, Kerr is zero and 
so the neutron density, according to equation (4.68.2), will be proportional to So. 
On the other hand, in a subcritical multiplying medium, the neutron density is 
determined by So/(1 — kei). The multiplication, ie., the ratio of the neutron 
density (or flux) due to a given source in a multiplying medium to the density 
(or flux) due to the same source in the absence of fissionable material, is thus 
1/(1 — kets), in agreement with equation (3.192.1). 

4.70. A further difference between a reactor with a primary source and a criti- 
cal reactor is their behavior wher kerr is changed. For a critical reactor, an 
increase in ke will mean that the neutron flux will increase indefinitely, but if a 
source Sp is present, itis apparent from equation (4.68.2) that, provided kei is 
less than unity, the newtron density will merely increase until a new equilibrium 
value is attained. course, if ker were made greater than unity, the flux would 
increase without limit. For example, if ker is 0.90, the value of n will be 1005S); 
then, if ker undergoes a step change to 0.99, the neutron density will increase 
until it reaches 1001S», where it remains constant. Similarly, if S) were changed, 
the reactor would still be stable at a new equilibrium state. A comparison of 
the behavior of reactors with a primary source (So > 0) and without such a 
source (Sj = 0) as ‘a result of changes either in the effective multiplication factor 
or the source is given in Table 4.4. The entry at the bottom of the third column 
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TABLE 4.4. COMPARISON OF REACTORS WITH AND WITHOUT PRIMARY SOURCE 


Reactor with Source Reactor without Source 


Stability condition kets <1 kere = 1 

Change in multiplication Stable at new flux Unstable 

Change in source Stable at new flux if Kerr < 1. Unstable 
Unstable if ker 2 1. 


implies that the critical reactor would become unstable if a source were intro- 
duced. 

4.71. It is of interest to determine the rate of increase of the neutron flux 
accompanying an increase in the effective multiplication factor of a subcritical 
reactor with a primary source. The results are important in the start-up of a 
reactor, before it becomes critical. From equation (4.68.1) it follows that 


= l —Br S71 OCi an __ Wo 4.71.1 
oo kete — 1 G 2 ot 2 + 1 — kes ( ) 


= 





If there were no source present, the solution of this equation for n would be the 
sum of m + 1 exponentials, analogous to equation (4.18.1), and so in the present 
case, it is evident that 


6 
7 1 vin kest 


+ Ayer + Ay,eo" + oS + Aner, (4.71.2) 


where Ao, Ai, etc., are determined by m + 1 initial conditions; these are obtained 
by setting ¢ = 0 in equation (4.71.2) and dC;/dt = 0 in the m equations (4.10.1) 
to give no and the m values of Cio, respectively. The relationship between w1, 
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etc., and kes (or p) is not derived so simply as when no source is present but when 
kest 8 not much less than unity, the values of w to be used in equation (4.71.2), 
for a given p (or ker), may be obtained from equation (4.17.2). 

4.72. The results of a calculation made in the manner just described are shown 
in Fig. 4.8. It is based on the supposition that the reactor, with source So, has 
been in a steady state with ket = 0.90, when, at ¢ = 0, the value of ket is suddenly 
increased to 0.99.* Thus, the initial value of n (at ¢ = 0) is given by equation 
(4.68.2) as 1018S), and the final steady-state neutron density is 1001S). In evalu- 
ating the w’s, p = (Ker — 1)/kest is —0.0101, and / is taken as 10-* sec. The first 
term on the right of equation (4.71.2) is 1007S» and all the other terms have nega- 
tive coefficients and negative exponents. Hence, as ¢ increases, the exponential 
terms decrease, so that n approaches the limiting value 1001S). The full curve 
in Fig. 4.8 is based on five groups of delayed neutrons, and the broken curve on 
one average group (A = 0.08 sec™'); the agreement is, on the whole, very good. 


SINUSOIDAL VARIATION OF PRIMARY SOURCE 


4.73. The problem of variations in the primary source, i.e., source forcing, in 
a subcritical reactor is not of great immediate importance, but the subject will 
be considered here partly for the sake of completeness and partly because it is 
not impossible that it may have ultimate practical application. Suppose there 
is a sinusoidal variation in the source strength, so that 


S = Soe? ose 
and the corresponding values of n and C; are 
n= ne" and C; = Cue. 


The effective multiplication factor remains constant at ke. If these expressions 
for n and S (in place of So) are inserted into equation (4.71.1), and the result is 
combined with equation (4.10.1), for one average group of delayed neutrons, 
with jw, replacing the operator d/dt, it is found that 


1 — kere _ 1+) sae 


ne TS. 


1 IA -E A Bl) 


= of ——— 1 

ar AC eo val * io Bee 

Tf this result is compared with equation (4.66.1), it will be apparent that the 
circuit in Fig. 4.7 can be used as a simulator for a subcritical reactor subject to 
source forcing. The input voltage, H;, is equivalent to USo/(1 — kerr), and the 


output voltage, E,, represents the corresponding amplitude of the neutron den- | 


sity, Na. 
4.74. A summary of the electrical analogues of various reactor parameters for 
both reactivity forcing and source forcing is given in Table 4.5. Amplitude and 


“The calculations involve the implicit assumption that ker = 0.90 is sufficiently close to 
unity for the results derived above to apply; this is probably true for ker = 0.09, at least, 
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TABLE 4.5. ELECTRICAL ANALOGUES OF REACTOR QUANTITIES 


Electrical Parameters 


Reactor Parameters 





Reactivity Forcing 


Source Forcing 





Input voltage, FE; 


noka 


1So 



































1 — ko 1 — kere 
Output voltage, E, Na Na 
Time constant 
CRo (1 — B)/r 1/r 
Time constant 
VLC VIDOR Vi/[MI — ett) 
Damping ratio 1—k Al se 1 = ha 
R+Ry Na By 2LN-a> + Nieeken 
2VL/C + | Bkott 
Tee — ko) + na — hott) 
Resistance ratio A+B IA + Bhott 
(1 — B)(1 — ko) 


1 — kort 




















TE 
LT TT TT 
NUIT TTI CTT TL 
i ee! 























O10 



















































100 1000 10,000 


atl LC 


Fia, 4,9, Amplitude ratio as function of frequency for sinusoidal foreing 


254 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [4.74 


phase characteristics, based on the approximation of one group of delayed neu- 
trons, are plotted in Figs. 4.9 and 4.10 in terms of electrical parameters, so that, 
they are applicable, in general, to both types of forcing. The amplitude ratio 
A and the phase angle ¢ are defined by setting H,/H; = Ae’*. These quantities 
are important in determining the transfer function to be used in the design and 
testing of equipment, such as servomechanisms, associated with reactor opera- 
tion and control. The curves are given for three different values of the damping 
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Fig. 4.10. Phase angle as function of frequency for sinusoidal forcing 


ratio, namely, 10, 100, and 1000; because of the nature of the reactor parameters, 
the electrical quantities would always be such as to make the damping over- 
critical, i.e., the damping ratio is greater than unity. For simplicity, & has been 
taken equal to Ro in the calculations. 


EFFECT OF TEMPERATURE ON REACTIVITY 


GENERAL CONSIDERATIONS 


4.75. An important cause of transient changes in the effective multiplication 
factor in an operating reactor is variation in the temperature of the system. 
Such variations may be localized, ¢.g., due to nonuniformity of structure alfect- 
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ing the flow of coolant at particular points, or they may affect the reactor as a 
whole. A change in the rate of flow, for example, would gradually alter the 
temperature of the reactor. A similar effect would result from a change in the 
power demand, i.e., in the heat removed from the coolant, so that the tempera- 
ture at which the latter enters the reactor would be altered. Whether such 
temperature changes cause the multiplication factor of the reactor to increase 
or decrease is of great practical significance. 

4.76. A change of temperature will alter the multiplication factor, or reac- 
tivity, for at least two reasons. First, the mean energy of the thermal neutrons 
is changed and, as a result, the various scattering and absorption cross sections 
will be affected; and second, there will be changes in the diffusion length, in the 
Fermi age, and in the reactor size due to alteration in the density of the reactor 
materials. For the theoretical treatment, to be outlined below, it is convenient 
to separate the effect of temperature on reactivity into two main parts: the 
nuclear temperature coefficient, which is determined by the effect on the nuclear 
cross sections, and the density temperature coefficient, due to changes in density 
(and volume) of the system. The discussion which follows applies particularly 
to a homogeneous reactor system, but the general conclusions will hold, to a 
good approximation, for most heterogeneous reactors. 


NucitEAR TEMPERATURE COEFFICIENTS 


4.77. In view of the definition of ker, as given by equation (3.123.2), it follows 
that for a large reactor, 
pies k ee k 
ret T+ BL? +7)” 1+ MB? 
where M? = L? + 7 is the migration area of the neutrons (§ 3.99). Upon re- 
arrangement, and introducing the definition of the reactivity, p, it is found that 


p- bat BU ty _ bt _ BM (4.77.1) 


~ At constant density the buckling, B’, which is a geometrical quantity, will not 


be affected, and so the nuclear temperature coefficient of reactivity will be de- 
termined by changes in L?, 7, and k. 

4.78. In the thermal-energy region, absorption cross sections may be assumed 
to follow the 1/v law (§ 2.171). Since the kinetic energy (}mv”) of a neutron is 
proportional to the absolute temperature, 7’, this means that thermal cross sec- 
tions will vary as 1/7. If o4 is the absorption cross section at temperature T 
and oo is the value at 7’o, then 

pee (7) (4.78.1) 
Scattering cross sections do not change greatly with temperature, and for the 
present purpose it is sufficient to suppose that they remain constant. 
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4.79. According to equation (3.38.1), the square of the diffusion length is 
related to the macroscopic absorption and scattering cross sections by 


= =e (4.79.1) 
provided the medium does not absorb too strongly and scattering is isotropic 
in the laboratory system. Ignoring, for the present, the effect of density changes 
on the number of nuclei per em’, which is involved in the macroscopic cross sec- 
tions, it is evident from equations (4.78.1) and (4.79.1) that 

B= Le (F) (4.79.2) 
To 
since =, may be regarded as being independent of temperature. 

4.80. In view of the definition of the Fermi age, as given by equation (3.90.1), 
it is apparent that the temperature variation of 7 will be determined by the effect 
on D/Z,, i.e., on 1/2.’, since D is equal to 1/32, assuming isotropic scattering. 
Since it has been postulated that, apart from the effect of density, 2, is inde- 
pendent of temperature, the same applies to the Fermi age. 

4.81. The next point to consider is the result of changes in cross sections on k, 
the infinite multiplication factor. If all the absorbers present, including fuel, 
moderator, coolant, poisons, ete., obey the 1 /v law, then the thermal utilization, 
f (§ 3.133), will not be affected by temperature. The resonance escape proba- 
bility may decrease somewhat as the temperature is raised, because there is an 
increase in the effective resonance integral (§ 3.135), largely due to the Doppler 
effect referred to in § 4.83. On the whole, however, since 7 and e (§ 3.131) re- 
main unchanged, it may be assumed here, as a reasonable approximation, that 
k is independent of temperature. But this will not be the case if the average 
neutron energy is in the vicinity of a resonance of one or more of the reactor 
components, for then the 1 /v law will not be obeyed. 

4.82. Returning now to equation (4.77.1), inserting equation (4.79.2) for L? 
and noting that 7 and k are unaffected by temperature, as far as nuclear cross 
sections are concerned, the result is 


fF fae I 
poe Le a) se 


The nuclear temperature coefficient, at constant density, i.e., the temperature 
coefficient of reactivity due only to changes in cross section, assuming general 
applicability of the 1/v law, is then obtained upon differentiation with respect 


to T; thus, 
3) asi yy Ral newly 
aT} 4 2k (TT)? 


where the subscript d indicates constant density.* The temperature coefficient 





* Because p is used to represent reactivity, the symbol d is employed for density in this 


chapter. 
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at the temperature 7’ is obtained by setting T> = 7, so that 


(2) Cees (4.82.1) 
OT Ja 2kT 

Since B?, L?, k, and T are all positive. quantities, it is apparent that the nuclear 
temperature coefficient must be negative. Therefore, as far as changes in cross 
section are concerned, an increase of temperature will result in a decrease in the 
reactivity and, hence, in the effective multiplication factor. The change in the 
resonance escape probability, which has been neglected, will probably operate 
in the same direction. 

4.83. The foregoing treatment is based on the assumption that the absorption 
cross sections of all substances present in the reactor obey the 1/v law. This is, 
of course, not always true. A special case would arise if there happened to be a 
sharp resonance just above the normal thermal range; an increase of temperature 
might then bring the average neutron energy into the resonance region. ‘This 
result would be favored by the so-called neutron Doppler effect, which is a broad- 
ening of the resonance with increasing temperature due to the increased random 
motion of the target nuclei. The consequent increased neutron absorption 
would make a marked negative contribution to the nuclear temperature coeffi- 
cient. Any nonfissionable material present in the reactor could cause this to 
happen by decreasing the thermal utilization. 

4.84. It should be borne in mind that the effect of operation near a resonance 
does not necessarily always lead to a negative temperature coefficient of reac- 
tivity. If an increase of temperature brings the average neutron energy closer 
to the resonance of the fissionable material, the result would be an increase in 
the thermal utilization and in the infinite multiplication factor. A similar effect 
can be due to a decrease in parasitic capture of neutrons as a consequence of 
moving away from the resonance of a poison or other nonfissionable substance 
as the temperature is increased. 





Density TEMPERATURE COEFFICIENTS 


4.85. Change of temperature affects the density of the reactor materials, and 
this alters the reactivity in two ways. First, by changing the number of nuclei 
per em’, it alters the macroscopic cross sections, apart from any changes in the 
microscopic cross sections considered above. Second, since there is an over-all 
change in the size of the reactor, the buckling is altered. 

4.86. The number of nuclei per unit volume is directly proportional to the 
density, and so all macroscopic cross sections vary in a similar manner. It can 
be shown, therefore, from the definitions of L? and 7, that these quantities are 
inversely proportional to the square of the density. In a homogeneous system, 
where density changes have the same effect on all the components, it is possible 


to write 
2 2 
L? + , = La? (7) + TO (3) ’ 
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2 
M? = Me (3): 


where M? and d are the migration area and density at the absolute temperature 
T, and M,?, and do are the values at 7>. If this is substituted into equation 
(4.77.1), the result is 


or 


d 


If the buckling is taken to be constant, as well as the microscopic cross sections, 
as stated above, then 


k-1_ BMe (#y: 


a) 2B°M? | de® , od. (4.86.1) 
Bo 


aT)m,. bk @ aT 


4.87. If a is the coefficient of linear expansion of the reactor materials, then 
V= Voll + a(T _ To) |8 and 


do 
d= fital — TM)” 


so that 
so tha ad 2 


ar Cfi ta(T— MIP 


Insertion of this result into equation (4.86.1) then gives 


Op _ _6BeMe? (7) a . 
(3). ~ kb Nd) [1 + a(P — T)]4 


At T) = T, this becomes 
oT k 


or since 1 + M?B? = k for a (large) critical reactor, 


a) _ _Sa(k — 1). (4.87.1) 
OT / 6 k 
Because k — 1 and a are positive this contribution to the density temperature 
coefficient is negative. . 
4.88. The reactivity change due to an over-all change in reactor size arises 
from the effect on the buckling. Differentiation of equation (4.77.1) with 
respect to B, assuming the other parameters to be constant, gives 
op) _ _2BM? _ _2(k — 1) (4.88.1) 
OB}, k kB 
since M? = (k — 1)/B%. In the case of a spherical reactor, B = a/R (Table 3.7) 
and R = Ro[1 + a(T — 7 )], where FR is the radius; hence, 


dk 
ap = ke 


ap ) _ _ 6B°M%a 
Bro 
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and, at T, a a 
Tv aT 
7a We ap (4.88.2) 

Consequently, from equations (4.88.1) and (4.88.2), and the fact that B = 1/R, 

9p) _ 9p dB 
(FA) ~ 0B aT 
_ 2a(k — 1) i= 1). (4.88.3) 
This result, derived for a spherical reactor, may be regarded as being generally 
applicable. Since k — 1 and a are positive, this part of the density temperature 
coefficient differs from that considered above in being positive. 

4.89. The density effect on the multiplication factor is generally small. If the 
reactor is of such a type that the ratio of fissionable material to moderator is not 
affected by density changes, e.g., a uranium-graphite reactor, then k will also 
be unaffected. If the fuel elements are solid and the moderator is a liquid, such 
as heavy water, maintained at constant level, a change in density of the liquid 
will alter the fuel-to-moderator ratio. However, since the thermal utilization 
and the resonance escape probability will usually change in opposite directions 
(cf. § 3.177, et seq.), the over-all effect on k is likely to be small. 

4.90. A change in density of coolant can have an important influence on the 
infinite multiplication factor. Asa rule, a decrease in density due to an increase 
of temperature will mean that the mass of coolant present in the reactor will de- 
crease. If the coolant is a fairly good neutron absorber, as is the case with 
ordinary water, for example, the decrease in mass, i.e., in the number of capturing 
nuclei, will result in an increase in the multiplication factor. The contribution 
of the coolant to the density temperature coefficient of reactivity will then be 
positive. 


Nxample A natural uranium-graphite reactor, operating at a mean temperature of about 
120°C (400°K), has an effective multiplication factor of 1.06. Estimate the temperature 


. coefficient of reactivity of this reactor. 


lor graphite Z,,? at the absolute (Kelvin) temperature 400°K is roughly 2850 cm?, 
and by equation (3.147.1), which also applies to a heterogeneous reactor, L? for the 
reactor is 2850 (1 — f), where f, the thermal utilization, is about 0.9 (see Table 3.9); 
hence, the value of Z? to be used here is 285 em?. The age, 7, of thermal neutrons in 
the reactor approaches 400 cm?, so that M? = L? + 7 may be taken as 680 em?2. This 
result, in combination with k = 1.06, gives 8.8 X 10-5 cm~ for B?, since k = 1 + M?B?. 
‘The coefficient of linear expansion, a, may be taken as 10-5 per °C, this being a reason- 
ble average for graphite and uranium. Using these values and 7 = 400°K, it is found, 
from equations (4.82.1), (4.87.1), and (4.88.3), that 


272 ; 
(25) = -3e = —2.8 & 10~ per °C (or —1.55 X 107 per °F) 
a 


2) 4 fee) = —0.34 X 10~ per °C (or —0.19 X 10-* per °F) 
Me 
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(55) _ aa = 1) = 0.11 X 10 per °C (or 0.06 X 10-* per °F), 


so that, as far as these three terms are concerned, the net temperature coefficient of 
reactivity is —3.0 X 10-* per °C, i.e, —1.7 X 107 per °F. (This is almost exactly the 
temperature coefficient of the X-10 reactor at Oak Ridge, but the close agreement is 
partly fortuitous.) 


4.91. Reactors moderated by ordinary or heavy water have larger negative 
temperature coefficients than do graphite reactors; this is mainly due to the 
temperature coefficient of expansion of water being nearly ten times as great 
as that of graphite. Another contributing factor is the generally higher value 
of (k —1)/k, which is about 0.06 in a natural uranium-graphite reactor but might 
be 0.2 for one having heavy water as moderator. Most reactors moderated 
by ordinary water, e.g., Water Boiler (or HRE) and Swimming Pool types, use 
highly enriched fuel (about 90 per cent uranium-235); such reactors have large 
negative temperature coefficients, e.g., —30 X 10- per °C (—17 X 10> per °F) 
for the Water Boiler and —14 X 10> per °C (—7.5 X 10-* per °F) for the Swim- 
ming Pool type. These are accounted for partly by the high value of (k — 1)/k, 
which is about’ 0.4, and partly by the temperature coefficient of expansion of 
water. Reactors of the Water Boiler type are generally designed so as to permit 
overflow of the fuel solution when it expands due to an increase in temperature. 
This has the effect of decreasing the amount of fissionable material in the reactor 
core and as a result there is a considerable negative contribution to the tempera- 
ture coefficient of reactivity. 

4.92. It should be understood that the foregoing remarks apply to reactors 
in which water is the moderator, although they will also be true for reactors in 
which water is both moderator and coolant. However, if the water acts almost 
exclusively as coolant (within the reactor core) while the neutron moderation 
takes place in another medium, e.g., heavy water (as in the Canadian NRX 
reactor), beryllium, or graphite, the magnitude of the negative temperature co- 
efficient is decreased and it may even become positive. ‘This is because the cool- 
ing water makes a positive contribution to the reactivity temperature coefficient 
for the reason given in § 4.90. 


TEMPERATURE AND REACTOR STABILITY 


4.93. The effect of temperature on the inherent stability of a reactor has two 
aspects, namely, static stability and dynamic stability. A reactor possesses 
static stability to temperature changes if it has a negative temperature coefficient 
of reactivity. If, for any cause, there is a rise of temperature within the reactor, 
the effective multiplication factor will then tend to decrease. As a result the 
rate of fission (and of heat release) will also decrease and this will offset the rise 
in temperature. If the reactivity temperature coefficient were positive, an in- 
crease of temperature in the reactor core would result in an increased fission rate 
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and a further rise of temperature. Such a reactor would be unstable to tem- 
perature and operation would be unsafe. 

4.94. Since a considerable part of the reactivity temperature coefficient is due 
to density changes in the reactor, the response to an increase or decrease of tem- 
perature is not instantaneous. As a result of these delays oscillations may de- 
velop in the neutron flux and reactor power. A reactor is said to have good 
dynamic stability when these oscillations are rapidly damped out because of the 
inherent characteristics of the system. In most reactors the delayed fission 
neutrons make an important contribution to the dynamic stability. As seen 
earlier, the effect of these neutrons is to slow down both the rate of increase and 
of decrease of the neutron flux resulting from changes in the reactivity. A 
special situation arises in connection with circulating-fuel reactors because, as 
mentioned in § 4.55, some of the delayed fission neutrons are released outside 
the reactor core. However, theoretical considerations have shown that, with 
proper design, the loss in dynamic stability resulting from the decrease in the 
proportion of delayed neutrons can be largely compensated by the damping ef- 
fect caused by the circulation of the fuel.* It is certainly a fact that the HRE, 
in which an aqueous fuel solution is circulated continuously through an external 
heat exchanger, has remarkable dynamic stability to temperature changes 
(§ 13.102). 


FISSION PRODUCT POISONING 


EFFrect oF Poisons oN REACTIVITY 


4.95. During the course of operation of a nuclear reactor, the fission fragments 
and their many decay products accumulate. Among these substances there are 
some, xenon-135 and samarium-149, in particular, which have large cross sec- 
tions for thermal-neutron absorption. These nuclei, therefore, act as reactor 
poisons and affect the multiplication factor, chiefly by decreasing the thermal 
utilization. The concentration of fission product poison in a reactor is related 


_ to the thermal-neutron flux. Consequently, when the reactivity is changed, so 


that there is an accompanying change in the flux, the concentration of fission 
product poison will be affected and this will, in turn, influence the reactivity. 
It would appear, therefore, that some allowance for the effect of poisoning should 
be included in the reactor kinetics equations considered in the early sections of 
this chapter. However, the rate of change of fission product concentration with 
time is, in general, small compared to that of the flux. Hence, the equations 
giving the time rate of change of neutron flux may be treated quite independently 
of those for the fission product poisons. 

4.96. Although fission products thus have little direct effect on reactor ki- 
netics, they may have an important influence on the reactivity, and this must 
be taken into consideration in reactor design. As seen in Chapter II, because 

"W. K, Ergon, J, Appl. Phya., 25, '702 (1954), 
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of the opposing effects of formation, as a direct or indirect result of fission, and 
removal, by radioactive decay and by neutron capture, the concentration of a 
particular species will attain an equilibrium value while the reactor operates at 
a constant power level. When the reactor is shut down, however, the concen- 
tration of the fission product may increase to a maximum, as explained in § 2.198, 
et seq. Both the equilibrium amount during operation and the maximum after 
shut-down depend on the neutron flux (or power output) of the reactor. The 
effect on the reactivity of a particular fission product poison will thus depend 
on the conditions of operation of the reactor as well as on the nature of the 
poison. 

4.97. Of the four factors which make up the infinite multiplication factor 
(§ 3.134), the thermal utilization is essentially the only one affected by the 
poison. Let f be the thermal utilization in a reactor without poison and let f’ 
be the value with poison; assuming, for simplicity, that the system is homo- 
geneous, then 


Oe See Dy 
Sy. a ee ee 


where 2x, Ym, and LY, are the macroscopic cross sections for the absorption of 
thermal neutrons in fuel, moderator, and poison, respectively. The pozsoning, 
P, of a reactor has been defined as the ratio of the number of thermal neutrons 
absorbed by the poison to those absorbed in the fuel; hence, in the present case, 


> 
wa SR. 4.97.1 
P = ( ) 


If the ratio 2,,/Z, is represented by z, then the expressions for f and f’ can be 
transformed to 





f=——, and f= 


4.98. Because the concentration of fission product poison is generally very 
small, its effect on the nonleakage probability while slowing down is negligible. 
However, the presence of a strong absorber in the reactor will decrease the 
thermal-neutron diffusion length, since L? = D/2Z.; consequently there will be 
some increase in the thermal nonleakage probability 1/(1 + Z?B?). As1-+ L?B? 
is close to unity, at least in large reactors, the nonleakage probability is fairly 
insensitive to changes in L?. For the present purpose, it is thus reasonable to 
make the approximation of taking the effective multiplication factor to be pro- 
portional to the thermal utilization, with or without poison. 

4.99. Let the effective multiplication factor without poison be ker and that 
with poison ker’; then 


Ket Mote Loi ee ey (4.99.1) 
Kort” fF seitnson Littl 


If the reactor without poison is just critical, so that Mo is unity, the left side of 
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equation (4.99.1) becomes equivalent to the (negative) reactivity change due to 
the poison; thus 
ea Pz 
PS THe 





In an enriched reactor, in particular, z is large in comparison with unity, and so 
the reactivity decrease resulting from the presence of a poison is roughly equal 
to the poisoning, P, i.e., to the ratio of 2, to Ly. 


XENON PoIsONING DURING OPERATION 


4.100. The most important fission product poison is xenon-135 because of its 
exceptionally large absorption cross section — about 3.5 X 10° barns — for ther- 
mal neutrons. This isotope is formed to a small extent (0.3 per cent) as a direct 
product of fission, but the main proportion in a reactor originates from tellurium- 
135, produced in 5.6 per cent of the slow-neutron fissions of uranium-235. Tel- 
lurium-135 has a half life of only 2 min and undergoes a series of stages of 
negative beta decay, as follows: 


Tels eas [138 Ae Xess Sh: C135 ast Ba" (stable). 
Consequently iodine-135 is rapidly formed in appreciable amounts, and although 
it is not itself a strong neutron absorber, it decays to yield the poison, xenon-135. 

4.101. On account of the short half life of tellurium-135, the analytical treat- 
ment of xenon poisoning may be simplified, without introducing appreciable 
error, by assuming that iodine-135 is produced directly in fission with a frac- 
tional yield of 0.056. According to the argument in § 2.198, the net rate of 
formation of iodine-135 may thus be represented by 


dL 


ar = —dil — ool + 12/4, 


where J is the concentration of the iodine, dx is its radioactive decay constant, 


_o1 is its thermal-neutron absorption cross section, and 7; is the fission yield, i.e., 


(0.056; 2; is the macroscopic thermal fission cross section of the fuel material in 
the reactor, and ¢ is the thermal-neutron flux. This expression is, of course, 
identical with equation (2.187.1), and so the equilibrium concentration Io of 
iodine-135, attained after the reactor has been operating for some time at con- 
stant flux, is given by equation (2.188.1) as 


I, = U2e . 128, (4.101.1) 
ht Ar 


Since ox is quite small, \r*, defined by equation (2.188.2) as o1@ + 1, may be 
replaced by x, leading to the final result in equation (4.101.1). The concen- 
tration, /(7'), of iodine at ary time 7’, before equilibrium is attained, is obtained 
from equation (2,189.8) as 
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1(2) = VEE (1 — NP) + 1(O)e—™?, 
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where J(0) is the initial concentration of iodine-135. In the case where T is 
reckoned from the time of reactor start-up, J(0) is zero. 

4.102. The rate of increase in the xenon concentration is given by an expres- 
sion analogous to equation (2.191.1), i-e., 


dX 

aT > —\AxX — oxoX + Al + yx=x¢, 
where the symbol X is used to represent properties associated with xenon. The 
direct fission yield of xenon-135, represented by yx, is 0.003, as stated above. 


The equilibrium concentration, Xo, of xenon is obtained from equation (2.193.1) 


as 
Xy = Avo + Yx2rt _ fa taxi, (4.102.1) 
x x 


where \x* = \x + oxd; because ox is so high, \x* is appreciably greater than 


Ax. At any time T after initial start-up, so that [(0) and X(O) are zero, the 
concentration of xenon is given by equation (2.192.4) as 


X(T) = Xo(1 — em") + ee (eT — e-MT), (4.102.2) 

x — AL 
4.103. The macroscopic absorption cross section of xenon at any time T is 
equal to X(7’)cx, and so the corresponding poisoning, P(T’), defined by equation 


(4.97.1), becomes 
P(T) = Aes, (4.103.1) 


where X(T) is given by equation (4.102.2). The equilibrium value of the 
poisoning, Po, is obtained by substituting Xo for X(T) in equation (4.103.1); 
hence, using equation (4.102.1) for Xo 


Pie Xoo 2 ox(y1 + YX)Z sh (4.103.2) 


Ax*2Du 


4.104. For uranium-235, 2;/Z. = o;/(o; + o-), where co; and og, are the fission 
and capture (nonfission) cross sections; these are seen, from Table 2.10, to be 
549 and 101 barns, respectively, so that ;/2, is 0.84. As seen above, y1 + yx 
is 0.056 + 0.003, i.e., 0.059; ox is 3.5 X 10% barns, ie., 3.5 X 107" cm?; and Xx, 
the radioactive decay constant of xenon-135, is 2.1 X 10- sec-'. Equation 
(4.103.2) can thus be written as 


P L.7 X 107"¢ (4,104.1) 


° (2.1 X 10-5) + (3.5 X 107%)’ 


recalling that \x* = Ax + ox. Some values of Po, calculated from equation 
(4,104.1), for various steady-state fluxes, are given in Table 4.6 to two significant 
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f.gures. It is seen that the equilibrium poisoning is small for a thermal flux of 
102 neutrons/(cm?)(sec), but increases rapidly at higher fluxes and approaches 
a limiting value 


TABLE 4.6. EQUILIBRIUM VALUES OF XENON 
POISONING DURING OPERATION OF REACTOR 


Thermal Flux (¢) Poisoning (Po) 
102 0.0070 
1018 0.030 
1014 0.046 
10% 0.048 


4.105. If ¢ is about 10" (or less) neutrons/(cm?)(sec), the second term in the 
denominator of equation (4.104.1) may be neglected in comparison with the 
first; then 

Po ~ 8 X 10-4, 


and the poisoning will be negligible, i.e., 8 X 10-¢ or less. Even for a flux of 
102 neutrons/(em?)(sec), the poisoning is only 0.007, so that about 0.7 per cent 
of the thermal neutrons are absorbed by the equilibrium amount of xenon. 
However, for values of ¢ greater than 10", the poisoning increases rapidly, at 
first (Fig. 4.11). If the flux is 10% (or more) neutrons/(cm?)(sec), Ax can be 
neglected in comparison with ox@, so that \x* ~ ox@; the poisoning, as given 
by equation (4.103.2), then reaches a limiting value expressed by 


EQUILIBRIUM XENON POISONING 





NEUTRON FLUX 


Tia, 4.11, Equilibrium values of xenon poisoning during reactor operation 
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Z 
Pim ~ (yt + yx) = = (0.059) (0.084) 
= 0.050. 


This is the maximum value of the poisoning during operation for thermal reactors, 
with uranium-235 as fuel, no matter how high the flux. In view of the relation- 
ship between the poisoning and reactivity derived in § 4.99, it is seen that the 
maximum decrease in reactivity due to xenon poisoning during reactor operation 
is about 0.05. The maximum after shut-down can, however, be many times 
this value. 


XENON Porsoninc AFTER SHUT-DOWN 


4.106. Because iodine-135 has a shorter half life than xenon-135, i.e., A1 > Ax, 
the conditions are suitable for the xenon concentration to increase to a maximum 
after the reactor is shut down completely. As explained in § 2.198, this occurs 
because the iodine-135 present at shut-down forms xenon-135 by radioactive 
decay at a rate that is initially greater than the rate of decay of the xenon-135, 
almost none of the latter now being lost by neutron capture. The concentration 
X(¢) of xenon at time ¢ after shut-down is obtained from equation (2.197.1) as 


XQ) = —AL_ Ife — et) + Xoo, (4.106.1) 
Ax — x 


assuming that equilibrium has been attained before shut-down. ‘The first term 
on the right gives the xenon concentration due to the decay of the iodine-135 
followed by decay of the xenon-135 thus formed after shut-down; the second 
term, on the other hand, represents the decay of the xenon present in the reactor 
prior to shut-down. Since J) and X> depend on the neutron flux during opera- 
tion, it is evident that this will also affect the xenon “build-up,” as it is called, 
after shut-down. 

4.107. In the derivation of equation (2.197.1), upon which equation (4.106.1) 
is based, it was assumed that the flux dropped to zero immediately when the 
reactor was shut down. Although this is not strictly true for a reactor, it is an 
adequate approximation for the purpose at hand. Taking into consideration the 
initial rapid drop and the subsequent stable negative period of 80 see due to de- 
layed neutrons (§ 4.41), it is found that a reactor can be shut down from a flux 
of 10" to 10* neutrons/(cm?)(sec) in about 20 min. This time is short compared 
with the several hours during which the xenon concentration builds up, and so 
very little error results from the assumption that the neutron flux drops imme- 
diately to zero when the reactor is shut down. 

4.108. From equation (4.103.1), which expresses the poisoning, and equation 
(4.106.1) for the xenon concentration, it is possible to determine P(t) at various 
times after shut-down for different values of the neutron flux before shut-down. 
The results for thermal fluxes of 10'*, 10, and 2 X 10" neutrons/(em?) (sec) are 
indicated by the curves in Fig. 4.12, For fluxes of the order of 10" (or less) 
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neutrons/(cem?)(sec), the increase in poisoning after shut-down is seen to be neg- 
ligible, but it assumes greater significance for higher operating fluxes. Thus, 
for a flux of 2 X 10“ neutrons/(cm?2)(sec), the poisoning maximum, attained 
about 11 hr after shut-down,” is 0.51; this may be compared with the equilibrium 
value of less than 0.05 when the reactor was in operation. When the flux is 10% 
neutrons/(cm?)(sec), the maximum xenon poisoning attained after shut-down is 
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roughly 2.5; the value is so large as to make it a practical impossibility to operate 
a thermal reactor at such a high steady-state flux. An operating flux of about 
2 X 10" neutrons/(cm?)(sec) would be as high as seems reasonable, unless a pro- 
cedure is developed for continuous removal of the progenitors of xenon-135, es- 
pecially the iodine-135, while the reactor is in operation. 


“The time after shut-down at which the maximum concentration is reached can be calcu- 
lated from equation (2,199.1), 
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Example A thermal reactor, using uranium-235 as fissionable material, has been oper- 
ating for some time at a flux of 2 10“ neutrons/(cm?)(sec); how long after shut-down 
will the xenon poisoning reach a maximum and what is the poisoning at this time? 

The time to attain the maximum xenon-135 concentration (or poisoning) after shut- 
down is obtained from equation (2.199.1), where A represents iodine-135 and B is 
xenon-135. The expressions for Ao and By are consequently given by equations (4.101.1) 
and (4,102.1), respectively. The value of da, the radioactive decay constant for 
iodine-135, is 2.9 X 10-* sec! and Az for xenon-135 is 2.1 X 107° sec". The absorption 
cross section of iodine-135 is negligible, but os, for xenon-135, has been given above as 
3.5 X 10-8 cm? for thermal neutrons. The fission yields, as already stated, are 0.056 
for iodine-135 and 0.003 for xenon-135. Since the equation for tmax involves the ratio of 
By to Ao, the value of 3; is not required. Upon inserting the foregoing data into equa- 
tion (2.199.1), the time to attain maximum xenon poisoning after shut-down is found to 
be 3.95 X 10‘ sec, i.e., close to 11 hr. 

If this value for ¢ is inserted into equation (4.106.1) for X(é), the xenon concentration 
after shut-down, and the result is combined with the general equation (4.103.1) for the 
xenon poisoning, the maximum value of the latter can be calculated. The only addi- 
tional information required is 2,/Z,, and this is known to be 0.84 for uranium-235, As 
a result the maximum Value of the xenon poisoning is estimated to be about 0.51. (It 
will be noted that the contribution of the last term on the right of equation (4.106.1) is 
small; this is due to the fact that the xenon present after shut-down is due almost entirely 
to the decay of the iodine-135.) 


4.109. In view of the approximate equality of reactivity decrease and the poi- 
soning, it is evident that if a high-flux reactor is to be capable of being restarted 
at any time after shut-down, it must have an appreciable amount of excess mul- 
tiplication (or reactivity), in the form of additional fuel, built into it. In order 
that a thermal reactor, normally operating at a flux of 2 X 10 neutrons/(cm?) 
(sec), shall be able to “override” the maximum xenon concentration after shut- 
down, it must have about 0.51 of excess reactivity available. 

4.110. As an alternative to the capability of overriding the xenon poisoning 
at any time, a reactor may be designed with sufficient reactivity available to 
override the xenon within a certain limited time only, e.g., 30 min, after shut- 
down. Fora flux of 2 X 10“ neutrons/(em?)(sec), this is considerably less than 
the maximum of 0.51 referred to above. However, should the delay in restarting 
be greater than the specified time, it may be necessary to wait a day or more 
before the reactor can be started up again. As soon as the flux becomes ap- 
preciable, after start-up, the xenon concentration will decrease rapidly toward 
the equilibrium value for the particular steady-state flux. 

4.111. One way in which an excessive rise in the xenon concentration can be 
prevented is for the flux to be decreased to such an extent on shut-down that, 
although the power output is a fraction only of its operating value, the flux is 
still quite substantial. The removal of xenon-135, as a result of neutron cap- 
ture, would thus continue after shut-down even though at a reduced rate, and 
this would prevent the poisoning from becoming too serious. In accordance 
with the arguments in §§ 2.196, 2.197, it is found that if ¢’ is the neutron flux 
after shut-down, then 
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X(t) = et [ Jf "Oud + yxByo"e' dt + Xo], (4,111.1) 
where 
, 
Ps ae (1 — e-™t) + Tye -™t 
and 


Ax’ = Ax t+ ox¢’. 


The equilibrium concentrations J) and Xo refer to those attained before shut- 
down when the flux was ¢ [ef. equations (4.101.1) and (4.102.1)]. If the reactor 
has not been operating long enough for the iodine and xenon equilibria to be es- 
tablished, I) and Xo must be replaced by the actual concentrations at the time 
of shut-down. By using the appropriate expression for ¢’, equation (4.111.1) 
may be solved for various types of shut-down, e.g., partial instantaneous shut- 
down, partial or complete shut-down in steps, or linear (or other) partial or 
complete shut-down. 

4.112. Although the differential equations for the concentrations of iodine and 
xenon attained under various conditions can frequently be solved analytically, 
considerable time can be saved, especially in the more complicated cases, by the 
use of an electrical simulator.* Because the time periods required for noticeable 
changes are of the order of hours, an electromechanical device is preferable to 
the resistance-capacitance type of circuit described earlier. Such a system can 
be designed as a true simulator, with the same time scale as an actual reactor. 
In view of the long time involved, however, it is preferable to change the time 
scale, so that the simulated processes of growth and decay of xenon can be 
speeded up by a large, known factor. 

4.113. It should be noted that the equations given above have involved the 
assumption of uniform distribution of neutron flux, as well as of iodine-135 and 
xenon-135, throughout the reactor. If ¢ is taken as the average flux, the result- 
ing error in the value of the poisoning will be no more than a few per cent. 
A more exact treatment is possible, using perturbation theory, but the method 


-used here will suffice for all preliminary purposes, at least. 


SAMARIUM POISONING 


; 4.114. Next to xenon-135, the most important fission product poison is sama- 
rium-149, This is a stable isotope with an absorption cross section of 5.3 & 104 
barns for thermal neutrons. It is the end product of the decay chain 


Nd —", Pm 4, gm™ (stable), 
which oceurs in about 1.4 per cent of uranium-235 fissions by slow neutrons. 
Since the half life (1.7 hr) of neodymium-149 is short in comparison with that 
of promethium-149 (47 hr), it may be supposed that the latter is a direct product 


* Por references, soo § 4,62, 
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of fission, its fractional yield being 0.014. The problem of the formation of 
promethium and of samarium in a reactor is thus analogous to that considered 
above for iodine and xenon, respectively. As before, the absorption cross sec- 
tion of promethium-149 is so small that o¢ can be neglected in comparison with 
. Because the samarium-149 is not radioactive, it is found that the equilibrium 
concentration and the poisoning during reactor operation are independent of the 
neutron flux. 

4.115. Taking y for promethium as 0.014 and for samarium as zero, the values 
of } as 4.1 X 10-* sec and zero, respectively, since samarium-149 is a stable 
isotope, and o for samarium-149 as 5.3 X 10-” cm?, the equilibrium value of the 
poisoning is calculated to be 0.012. The maximum change in reactivity due to 
samarium in an operating reactor is thus —0.012, irrespective of the thermal- 
neutron flux. 

4.116. After shut-down, the samarium concentration does not pass through 
a maximum, as does that of xenon, but it increases toward an asymptotic value 
(P..) represented by 


2 [ sbye 
t,t SBP TE 
pyc =f eae ve) 


where the subscripts P and 8 stand for promethium and samarium, respectively; 
¢ is the steady-state flux prior to instantaneous shut-down. Inserting the known 
values for 2s, Du, 7s, Yp, and Xp, it is found that 
P, = 1.45 X 10-%¢ + 0.012. 

Thus, for a steady-state flux of 2 < 10“ neutrons/(cm?)(sec), which appears to 
be the practical limit for a thermal reactor, the samarium poisoning after in- 
stantaneous shut-down increases to 0.042. The presence of samarium-149 in a 
reactor thus requires, at most, an addition of 0.04 to the reactivity, so that 
samarium poisoning is a minor problem compared with that of xenon poisoning. 


SymBpots Usep in CuHaprer IV 


Ao, A1,... constants 

B buckling 

Bo, Bi,... constants 

C capacitance 

C precursor nuclei/cm’ (weighted average) 
C; precursor nuclei/cm? (7th kind) 
Coo C; att= 0° 

Ci small change in C; 

Cia complex amplitude of C’ 

D diffusion coefficient 

d density 

Di voltage 


BE; input voltage 
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output voltage 

base of natural logarithms 

thermal utilization 

thermal utilization with poison 

current 

iodine concentration (nuclei/cm*) 

iodine concentration at equilibrium 
iodine concentration at 7 = 0 

iodine concentration at time 7’ 

inhour unit 

infinite multiplication factor 

effective multiplication factor 

kere With poison 

Kest att = 0 

small change in kes; 

complex amplitude of k’ 

excess multiplication factor 

inductance 

diffusion length (also at temperature 7’) 
diffusion length at temperature 7’, 
diffusion length in moderator 

neutron lifetime in finite medium 
neutron lifetime in infinite medium 
migration length (also at temperature 7’) 
migration length at temperature 7’) 
number of delayed neutron groups 
neutron density (neutrons/em?) 

neutron density at t = 0 

small change in neutron density 
complex amplitude of n’ 

poisoning (2,/Z,) 

equilibrium poisoning (during operation) 
poisoning at time 7 (during operation) 
limiting value of Po 

asymptotic value of samarium poisoning 
resonance escape probability 

resistances 

radius of spherical reactor at temperature 7 
radius of spherical reactor at temperature 7’ 
rate of change of multiplication factor 
general spatial coordinate 

neutron source strength 

constant (primary) source strength 
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time of reactor operation 

reactor period (stable) 

initial reactor period 

absolute temperatures 

time-variable component of neutron flux 

time 

time after shut-down 

time for maximum poisoning after shut-down 
radioactive (or delayed neutron) half life 
volume at temperature 7 

volume at temperature 7'> 

velocity 

xenon concentration (nuclei/cm?) 

xenon concentration at equilibrium 

xenon concentration at time 7’ (during operation) 
xenon concentration at time t (after shut-down) 
ratio Dx/Dm 

coefficient of linear expansion 

total fraction of delayed fission neutrons 
fraction of delayed fission neutrons of 7th kind 
fission yield 

fission yield of iodine-135 

fission yield of promethium-149 

fission yield of xenon-135 

radioactive decay constant 

precursor decay constant (weighted average) 
precursor decay constant (7th kind) 

effective decay constant (A + o¢) 

decay constant of iodine-135 

decay constant of promethium-149 

decay constant of xenon-135 

reactivity 

absorption cross section (macroscopic) 

fission cross section (macroscopic) 

absorption cross section of moderator (macroscopic) 
absorption cross section of poison (macroscopic) 
scattering cross section (macroscopic) 
absorption cross section of fuel (macroscopic) 
absorption cross section at temperature 7’ 
absorption cross section at temperature 7’ 
absorption cross section of iodine-135 
absorption cross section of promethium-149 
absorption cross section of xenon-135 
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T Fermi ag. (also at temperature 7’) 
To Fermi age at temperature 7) 
@ neutron flux 
do neutron flux at ¢ = 0 
¢’ neutron flux after shut-down 
o(r, t) neutron flux at point r at time ¢ 
o(r) spatial component of neutron flux 
g phase angle 
w operator (d/dt) 
w parameter (reciprocal time) 
wo, @1,... Values of parameter w, solutions of equation 
wo reciprocal of stable period 
ws oscillation frequency 
Vv? Laplacian operator 
PROBLEMS 


1. Using the data in Table 2.11, determine the weighted average decay constant for 
the delayed fission neutrons from (a) uranium-233, (b) plutonium-239. 

2. From the results of the preceding problem, compare qualitatively the effect of a 
given change in the effective multiplication factor on the neutron flux in thermal reactors 
using uranium-233 or plutonium-239 as fissionable material with those employing 
uranium-235. 

3. Derive equation (4.17.2) from equations (4.10.1) and (4.14.1) by using w to repre- 
sent the operator d/dé. 

4, Assuming one average group of delayed neutrons, plot the variation of the thermal 
neutron flux with time (for the first 2 sec) after a natural-uranium reactor undergoes a 
sudden increase of 0.0015 in reactivity. The thermal-neutron lifetime in the reactor is 
10-5 sec. 

5. For the conditions of the preceding problem, estimate the time required for the 
transient contribution to the neutron flux to decrease to about 1 per cent of the total. 
Determine (a) the initial and (6) the stable value of the reactor period. 

6. From the data in Table 4.1 and equation (4.35.1) plot a curve relating the reactiv- 
ity to the reciprocal of the stable reactor period for a reactor in which the thermal-neutron 


‘lifetime is 10% sec; kerr may be taken as unity. (Determine p for T values of 1, 5, 10, 


25, and 50 sec and plot p versus 1/7.) At what period does the magnitude of the neutron 
lifetime become significant? 

7. Compare the results of taking into account all five groups of delayed neutrons, as 
in the preceding problem, by plotting p against 1/7’ for the case of one average group of 
(lelayed neutrons. 

8. Repeat the preceding problem assuming the delayed neutrons to fall into two 
Kroups, one consisting of the two with the shortest half lives and the other of the three 
longer half lives (R. A. Fayram and K. Bernstein, Chem. Eng. Prog. Symposium Series, 
No, 12, 50, 244 (1954)). What general conclusions can be drawn from the results of 
Problems 6, 7, and 8? 

, Verify the statement in § 4.115 that the equilibrium poisoning in an operating 
thermal reactor due to samarium-149 is about 0,012, independent of the neutron flux. 

10, Derive an expression for the samarium-149 concentration in a reactor after shut- 
(own and show that it attains the asymptotic value given in § 4,116, 
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11. After operating at a thermal flux of 10 neutrons/(cm?)(sec) for a long time, a 
reactor is shut down completely. How long will it take the xenon concentration to rise 
to a maximum? What is the value of the xenon poisoning at that time? 

12. Repeat the preceding problem assuming a thermal flux of 10'* neutrons/(cm?) (sec). 
From these results and those in the text, draw general conclusions as to the effect of the 
neutron flux on (a) the time required to attain the maximum xenon poisoning after shut- 
down, and (0) the value of the maximum poisoning. 

13. Calculate the xenon poisoning for a reactor operating at a thermal flux of 10“ 
neutrons/(cm2)(sec) at the following times after initial start-up: (a) 20, (b) 30, and 
(c) 50 hr; and at the following times after complete shut-down: (a) 5, (b) 15, (c) 25, 
(d) 35, and (e) 50 hr. Combine the results with those from Problem 11 and plot a 
curve showing the variation of xenon poisoning, for the given flux, with time during 50 hr 
of operation followed by 50 hr of shut-down. 

14. A homogeneous (Water Boiler type) reactor contains uranium-235 and water in 
the weight ratio of 1 to 15 (see Chapter III, Problem 15). Make a rough estimate of its 
temperature coefficient of reactivity, based on the approximation of a “large” reactor. 
The coefficient of volume expansion of water may be taken as 10 per °F. 





Chapter V" 


NUCLEAR REACTOR INSTRUMENTATION 





INTRODUCTION 


5.1. The operation of a reactor involves a great variety of instrumentation, 
much of which is of a conventional character familiar to engineers. In this 
category, for example, are flow meters and thermocouples for determining the 
flow rates and temperatures, respectively, of the coolant. A knowledge of the 
distribution of coolant velocity and temperature throughout the core is impor- 
tant, especially in a reactor operating at fairly high power. Since the measuring 
devices used for these purposes, as well as those which indicate the positions or 
motions of control rods, do not present any unusual features they will not be 
considered in this chapter. 

5.2. The average power output of a reactor can be obtained from the product 
of the temperature rise of the coolant and its total rate of flow; in fact, an elec- 
trical instrument, described in § 5.128, has been developed which indicates the 
product directly. However, for control purposes such indicators are not ade- 
quate since they do not respond instantaneously either to over-all or to local 
changes in the reactor power. As seen in § 2.163, the power level is proportional 
to the neutron flux, and instruments that measure flux can be located at many 
points throughout a reactor system. Such devices have an essentially instan- 


aneous response and are particularly suitable for indicating power levels and 


for operating automatic control and safety mechanisms. 

5.3. In addition to determinations of neutron flux, other measurements of nu- 
clear radiations, e.g., of alpha and beta particles and of gamma, rays, are per- 
formed in connection with reactor operation. For example, observations are 
made on the radioactivity of the coolant, such as air or water, emerging from the 
reactor to indicate possible leakage of fission products and to determine whether 
it can be disposed of safely. Radiation measuring instruments of various kinds 
are also required for experiments and tests associated with the design and opera- 
tion of nuclear reactors. Finally, as part of the health physics program for 

* Material contributed by 8. Glasstone, W. H. Jordan, and J, D, Trimmer. 

Reviewed by W, TH, Jordan, 
275 





276 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [5.3 


preventing overexposure to radiations, regular surveys are made with suitable 
instruments of both operating areas and personnel. 

5.4. No matter what their purpose, most devices for the detection and meas- 
urement of nuclear radiations are based on the same fundamental principles and 
these will be considered here. However, consideration of the actual instrumen- 
tation will be restricted to that employed in reactor control and operation, in- 
cluding determination of power output and its variation during start-up and 
shut-down. The instruments and devices used in personnel protection (moni- 
toring) activities will be described in Chapter IX, in connection with the general 
treatment of radiation protection. 


NUCLEAR RADIATIONS AND IONIZATION 


Direct AND InprrecT IONIZATION 


5.5. The property of nuclear radiations, including neutrons, most widely used 
for their measurement is their ability to cause ionization, either directly or in- 
directly, of the medium, e.g., a gas, through which they pass. The problem of 
measuring nuclear radiations is reduced, therefore, to devising methods for the 
observation of the resulting ionization. As seen in Chapter II, alpha and beta 
particles form ion-pairs directly by interaction with atoms or molecules. Al- 
though neutrons and gamma rays cannot produce ionization directly, they can 
be made to do so by indirect means. 

5.6. Each of the three major types of interaction of gamma rays with matter, 
i.e., the Compton effect, photoelectric effect, and pair production (see § 2.47, 
et seq.), results in the liberation of free (recoil) electrons. The energy of these 
electrons depends on the circumstances, but it is usually high enough for them 
to be capable of producing considerable ionization. Thus, the indirect produc- 
tion of ion-pairs due to the passage of gamma rays through a medium occurs 
more or less automatically, i.e., without any special means being necessary. 

5.7. With neutrons the situation is somewhat different, since specific nuclear 
interactions are required to produce ionizing particles. Three main types of 
reaction have been used: (1) elastic scattering by hydrogen nuclei; (2) the (n, @) 
reaction with boron; and (8) fission. The first of these processes is applicable 
only to fast neutrons, of energy about 0.1 Mev or more; in their passage through 
hydrogen gas, or a compound rich in hydrogen, e.g., a hydrocarbon, the fast 
neutrons can transfer a large proportion of their energy to hydrogen nuclei 
(§ 3.55). The resulting recoil protons, moving with high speed, produce con- 
siderable ionization in their passage through a gas. 

5.8. The second and third reactions referred to above are used for the detec- 
tion of slow neutrons. The reaction of such neutrons with boron-10 produces 
a helium nucleus (alpha particle) and a lithium nucleus (§ 2.92), both of which 
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have relatively high energy and are capable of causing ionization.* Slow neu- 
trons are able to induce fission of uranium-235 and the resulting fission fragments 
can produce large numbers of ion-pairs in their paths (§ 2.176). 

5.9. The (n, a) reaction with boron-10 and fission of uranium-235 have hith- 
erto played the major role in neutron detection, but there are two other processes 
to which reference should be made because of their possible future importance. 
One of these is the (n, a) reaction with lithium-6, described in § 2.93; this process 
has been applied to slow-neutron detection based on the scintillations produced 
by the resulting charged particles (see § 5.87, et seg.). The other is the (n, p) 
reaction of slow neutrons with helium-3 (§ 2.94); the ionization caused by the 
products can be readily observed. 

5.10. Although not strictly in the same category as the processes described 
above whereby the neutrons are made to produce ion-pairs indirectly, mention 
may be made of another, even more indirect, means frequently used for neutron 
measurements. A material, such as indium, is exposed to slow neutrons and as 
a result of the (n, y) reaction a radioactive isotope is formed (§ 2.84). The ra- 
diations, usually beta particles and gamma rays, emitted by the product are then 
detected by the ionization they cause (§ 5.102). 


BeuHAvior OF Ion-PAIRS IN ELEectric FIELD 


5.11. Many instruments for the detection of nuclear radiations are dependent 
upon the behavior in an electric field of the ion-pairs formed by the ionizing 
particles in their passage through a gas. This behavior varies with the potential 
gradient of the electric field and can 
best be explained by considering two 
electrodes, e.g., a metal cylinder as 
one and a wire running along its axis 


OUTER ELECTRODE (*) 





CENTRAL 


as the other (Fig. 5.1), placed in a ELECTRODE (+) 
vessel of gas and a potential differ- 

: Fie. 5.1. i 
ence established across them. As a a8 ee are 


general rule, the central wire is the 

positive electrode (anode) and the outer cylinder the negative electrode (cath- 
ode), so that negative ions, usually electrons, are attracted to the former and 
positive ions to the latter. 

5.12. Suppose a burst (or pulse) of ionizing radiation enters the gas between 
(he electrodes so that a definite number of ion-pairs are formed. Under the 
influence of the electric field the positive ions will move toward the negatively 
charged electrode and the negative ions will migrate toward the positive elec- 
trode. The magnitude of the charge collected on the electrodes will depend on the 

* The Li’ nucleus is usually in an excited state; the kinetic energy of the alpha particle is 


en .6 Mev (range 0.7 em in air) and that of the lithium nucleus is 0.85 Mev (range 0.4 cm 
n alr), 
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applied voltage and the general nature of the variation is indicated in Fig. 5.2, 
in which the charge collected is shown (on a logarithmic scale) as a function of 
the voltage. Curve A refers to a case in which the radiation pulse produces 10 
ion-pairs and curve B to a larger pulse producing 1000 ion-pairs. It can be seen 
that the curves can be divided into six fairly distinct regions, marked I to VI. 
Three of these regions, namely, IT, III, and V, are used in various types of nu- 
clear radiation instruments, and these will be considered in turn.* 


LOG CHARGE COLLECTED 





~200 ~800 ~1000 
APPLIED VOLTAGE 


Fig. 5.2. Variation of charge collected with applied voltage 


Tur IonIzATION CHAMBER REGION 


5.13. At very low voltages the charge collected at first increases with the ap- 
plied voltage (region I) and then attains a constant value (region II). At very 
low potentials, the ions move slowly in the electrical field, with the result that 
many of them recombine before they reach the electrodes. With increasing 
voltage, the ions migrate more rapidly toward the respective electrodes; the 
extent of recombination is thus decreased and the charge collected on the clec- 
trodes increases. This accounts for the behavior in region I. 


*D. H. Wilkinson, “Ionization Chambers and Counters,” Cambridge University he 
1950; B. B. Rossi and H. H. Staub, “Tonization Chambers and Counters: Experimen 
Techniques,” National Nuclear Energy Series, Div. V, Vol. 2, McGraw-Hill Book Co,, 1949; 
E. Segré (Ed.), “Experimental Nuclear Physics,” Vol. I, John Wiley and Sons, Inc., 1958 
(Part I, “Detection Methods,” by H. H. Staub); 8. A. Korff, “Electron and Nuclear 
Counters,” 2nd ed., D. Van Nostrand Co., Ine., 1955. For general review, see D, Taylor and 
J. Sharpe, Proc, Inst, Blec, Eng. (Lond.), 98, Part Il, 174, 209 (1951). 
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5.14. Above a certain voltage, the ions move so fast that the recombination 
is virtually zero, and essentially every ion produced by the nuclear radiation 
reaches the electrode. A further increase in the applied voltage will not result 
in any increase in the number of ion-pairs collected. Hence, for region II, 
referred to as the ionization chamber (or ton chamber) region, the charge remains 
constant as the voltage is increased. The charge collected is then equal to the 
total charge carried by the ion-pairs produced in the gas (ionization chamber) 
by the nuclear radiation. This is 10 unit charges (log 10 = 1) for case A and 
1000 unit charges (log 1000 = 8) for case B, in Fig. 5.2. 


THE PROPORTIONAL REGION: GAS AMPLIFICATION 


5.15. The ionization chamber region has a limited range, and as the po- 
tential between the electrodes is increased, a new phenomenon appears. In 
region III, the quantity of charge collected for a given amount of radiation is 
larger than, but proportional to, the original amount of ionization; it has con- 
sequently been called the proportional region. The potential gradient is now so 
high that the (primary) electrons, i.e., the negatively charged members of the 
ion-pairs, move fast enough to be themselves capable of causing secondary ioni- 
zation in the gas. The secondary electrons so produced may cause further 
ionization and so on. A single ion-pair can thus initiate a chain or ‘‘avalanche”’ 
of ionizations. The charge collected on the electrodes in the proportional region 
is therefore larger than that carried by the primary ion-pairs formed by the 
passage of radiation through the gas. 

5.16. The total number of ion-pairs produced by a single, primary ion-pair 
is called the gas-amplification factor. This factor is unity in the ionization cham- 
ber region (II), but it may become as large as 10‘ or more in the proportional 
region (III). The charge collected in both of these regions is equal to, the origi- 
nal number of ion-pairs multiplied by the amplification factor. Consequently 
in Fig. 5.2 the curves A and B remain a constant distance apart, because of the 
logarithmic scale of the ordinates, in regions II and ITI. 

5.17. It will be apparent from the figure that in the proportional region the 
as-amplification factor increases rapidly, in a roughly exponential manner, with 
the applied voltage. For any given voltage, however, it has a definite value, 
depending upon the arrangement of the electrodes and the nature of the gas 
in which the ionization occurs. 

5.18. As the voltage is increased other factors arise which limit the production 
of secondary ion-pairs, so that the increase in the gas-amplification factor does 
not continue indefinitely. The atmosphere of positive ions around the central 
(positive) electrode gives rise to a positive space charge which causes a decrease 
in the electrie field, thus tending to decrease the extent of gas amplification. 
At sufficiently high voltage, e.g., in region IV, the amplification factor conse- 
quently approaches a limit and the charge collected is no longer proportional to 
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the initial ionization. Region IV is therefore referred to as the limited propor- 
tional region. 


Tur GEIGER REGION 


5.19. In region V, known as the Geiger region, the ionization avalanche, which 
has hitherto been confined to a point or small region of the (positive) electrode, 
spreads over the whole of its length. The fact that the curves A and B in Fig. 
5.2 now coincide means that the total amount of charge collected is independent 
of the extent of the primary ionization, i.e., of the number of ion-pairs produced 
by the pulse of nuclear radiation. Thus, although the gas-amplification factor 
is very large, it does not have a definite value, as it does in the proportional 
region. The charge collected increases with the applied voltage, but its amount 
does not depend on the nature or energy of the radiation causing the initial 
ionization. In the Geiger region (V), therefore, an ionizing particle giving rise 
to a large number of primary ion-pairs will cause essentially the same amount 
of charge to be collected on the electrodes as will a particle producing a small 
number. 

5.20. The characteristics of the Geiger region can be considered from another 
point of view. Suppose a source of ionizing radiations is placed near the vessel 
containing the gas and the electrodes, as described above. The electrical circuit 
is such that each particle entering the gas can produce a pulse of ionization 
capable of detection in a suitable manner, as will be seen below. The detecting 
device (or counter) is able to record only relatively large pulses, but not small 
ones. 

5.21. Until the applied voltage reaches a certain value, referred to as the 
starting potential, the pulses are too small to be detected. With increasing volt- 
age the gas amplification increases and the 
pulses get larger and larger, but may vary in 
size, depending upon the initial ionization. 
Eventually, at the Gezger threshold, corre- 
sponding to the beginning of region V in Fig. 
5.2, the pulses are all the same size. As 
the voltage is increased further, the pulses 
PLATEAU become large enough to be recorded by the 
counting device. If the counting rate is 
plotted against the voltage between the 
electrodes, a curve similar to that in Fig. 

APPLIED VOLTAGE 5.3 is obtained. It is apparent that over 

Fic. 5.3. Pulse counting-rate as 2 Certain range of potential, called the 
function of applied voltage Geiger plateau, the rate at which ionization 
pulses are recorded is essentially constant. 

5.22. Almost every particle entering the chamber, whether it causes little or 
much primary ionization, is now recorded because in the Geiger region the total 
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ionization produced is virtually independent of the initial effect. Although the 
Geiger plateau is represented as horizontal, this is an ideal situation. In actual 
practice there is usually a slight upward slope with increasing potential, but by 
suitable design it can be made quite small, so that in the Geiger region the rate 
at which pulses are recorded from a given source may be regarded as being 
constant and independent of the applied voltage. 

5.23. If the applied voltage is increased beyond the Geiger region, there is a 
rapid increase in the charge collected; this represents region VI of Fig. 5.2. The 
potential is then so high that, once a discharge is initiated, others follow in rapid 
succession, so that there is effectively a continuous discharge. This region is 
not used for the detection or measurement of ionizing radiations. 


IONIZATION CHAMBERS* 


INTEGRATING INSTRUMENTS: ELECTROSCOPES 


5.24. A number of different instruments for the measurement of nuclear radia- 
tions operate in the ionization chamber region, i.e., where the charge collected 
on the electrodes is equal to that carried by the primary ion-pairs. Although 
there are marked differences even among the instruments in each category, 
ionization-chamber measurements fall into two types, namely, integrating and 
nonintegrating. In the integrating instruments, which will be considered first, 
the total quantity of charge due to a number of ionizing particles is collected 
over a period of time. In the nonintegrating (or counting) devices, on the other 
hand, each particle capable of causing ionization’ is recorded separately. 

5.25. Integrating devices also can be divided into two classes, which may be 
referred to as electrostatic and electrodynamic (or current indicating), respec- 
tively. Those of the electrostatic type are often called electroscopes, since they 
operate on the same principle as the familiar gold-leaf electroscope, which was 
used in some of the earliest measurements of radioactivity. In one form of this 
instrument two thin sheets of gold are given an electric charge, so that they 


repel one another. As long as no ions are present, the leaves will retain their 


charge and will remain in the same position. If, however, ions are formed, e.g., 
by nuclear radiations, those of the appropriate charge will be attracted to the 
gold leaves. This will cause a reduction in the charge and a decrease in the 
mutual repulsion of the leaves, which will thus gradually come together again. 

5.26. Electroscopes of various types, operating on the same general prin- 
ciples as described above, are being used in the nuclear energy field especially 
in connection with radiation surveys. For this purpose they are designed to 


_be sensitive, rugged, and portable. The Lauritsen electroscope, for example, 


which will be described in Chapter IX, is used for measuring gamma radiations 
as part of area surveying (monitoring). Because of their penetrating power 
these radiations readily pass through the walls of the ionization chamber. If 


* Bee references to § 5,12, 
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required for the detection of beta (or alpha) particles, the radiations are allowed 
to enter the chamber through a “window” of thin aluminum or other light mate- 
rial. With the window “open” the instrument will measure both beta and 
gamma radiations, but if it is closed gamma rays only will be detected. 

5.27. Simple forms of integrating ionization chambers of the electrostatic 
type, not much larger than a fountain pen in size, are used extensively in health 
physics work to determine the total amount of radiation (or dosage) to which 
an individual has been exposed over a period of time. These devices will also 
be considered more fully in the chapter dealing with radiation protection. 


INTEGRATING CHAMBERS WITH CURRENT MEASUREMENT 


5.28. In the second type of integrating ionization chamber, a constant poten- 
tial is maintained between the electrodes by means of a battery (Fig. 5.4). If 
ionizing radiation enters the chamber at a sufficiently high rate, the ions pro- 
duced are swept continuously to the respective electrodes, and a steady current 
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Fie. 5.4. Integrating type of ion-chamber circuit 


flows. The strength of this ion current is a direct measure of the rate of entry 
of the ionizing particles and hence of the radiation intensity. The ion current 
may be measured directly, or it may be determined by means of a high- 
impedance voltmeter V connected across a resistance & through which the 
current flows. The reading on the voltmeter is then proportional to the ion 
current and consequently to the radiation intensity. 

5.29. Ionization chambers with current-measuring devices have been designed 
for many different purposes. In the parallel-plate chamber, as its name implies, 
the electrodes are two parallel plates, which may be flat or curved (§ 5.39). 
Some chambers have central electrodes consisting of a single wire or a network 
of wires, insulated from the container, e.g., a cylindrical vessel, which serves as 
the other electrode. The electrode to which the measuring instrument is 
attached is called the collecting electrode. This is frequently maintained at (or 
close to) ground potential, while the other (high-voltage) electrode is kept at 
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the required voltage to permit operation in the ionization-chamber region. The 
gas filling the chamber may be air, carbon dioxide, nitrogen, argon, or methane, 
among others. 

5.30. Because of their adaptability, integrating ionization-chamber instru- 
ments are widely used in nuclear energy work, both for radiation monitoring 
and for other purposes. Like the electroscopes, they can be made to indicate 
gamma-radiation intensities only, or by means of suitable windows they can be 
used to determine alpha or beta particles (or both) in addition. They have 
been adapted also to the measurement of fast or slow neutrons. 


NEvuTRON DETECTION 


5.31. For the detection of fast neutrons the ionization chamber is filled with 
hydrogen or with a hydrocarbon gas; alternatively, or in addition, the interior 
walls may be lined with a hydrogenous substance, such as paraffin or polyethyl- 
ene. If exposed to fast neutrons, recoil protons of high energy will be liberated, 
as indicated above. The ion current due to the ionization produced by the 
recoil protons is then a measure of the neutron density. 

5.32. In monitoring operations it is frequently necessary to measure the 
neutron intensity in a fairly high field of gamma radiation. The arrangement 
just described, however, would indicate both fast neutrons and gamma rays. 
In order to determine the neutrons alone, a differential system has been devised. 
‘This consists of two similar ionization chambers; one contains hydrogenous 
material, so that it is sensitive to both fast neutrons and gamma radiation, 
whereas the other is filled with argon or other gas in which the gamma rays pro- 
duce almost all of the (indirect) ionization. The pressures of the gases in the 
chambers are adjusted so that when exposed to the same gamma radiation they 
give equal ion currents. In a region containing both neutrons and gamma rays, 
the difference in the ion currents will then give a measure of the fast-neutron 
density. One serious drawback of this type of differential system is that it is 
unsatisfactory for use with radiation beams that do not subtend both chambers 


_ equally. 


5.33. In principle, the adaptation of an ionization chamber to the measure- 
ment of slow neutrons is a simple matter. All that is necessary is to coat one 
or both electrodes with boron, preferably enriched in the boron-10 isotope, since 
this is the one that has a high cross section for the reaction with slow neutrons. 
Alternatively, the chamber may be filled with gaseous boron trifluoride or with 
1, gas enriched in helium-3 (§ 5.9). Integrating ionization chambers for neutron 
detection have also been made by coating the electrodes with a uranium-235 
compound, 


Ton1zation CHAMBERS FOR Reactor ContTROL 


5.34. For use in reactor control there are certain special requirements which 
introduce difficulties. The chamber must be small, since many are needed in a 
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reactor, yet it must deliver a reasonably large ion current in order to provide 
rapid and smooth response. These two conditions mean that the chamber must 
be placed in a region of high neutron flux. As a result, problems of radiation 
damage (see Chapter VIII), particularly to the insulators, become acute. 
Furthermore, the chamber materials become highly radioactive; this not only 
means that repair is difficult but, more serious, the beta particles emitted by 
these materials interfere with the neutron measurement. In some reactors, 
placing the chamber in a high neutron flux means that it is subjected to high 
temperatures, and this further complicates the problem of construction. A 
great deal of research has consequently gone into the question of chamber 
design, and much still remains to be done. 

5.35. In order to obtain as large as possible an ion current, there are certain 
optimum values for the thickness of the boron coating and the spacing of the 
electrodes. By using enriched boron, it appears that the best that can be 
expected is a current of 10-'® amp/cm? of boron-coated electrode surface per 
unit of flux. Thus, if a chamber with an active area of 100 cm? is placed in a 
neutron flux of 10" neutrons/ (em?) (sec), the ion current will be roughly 10~* amp. 
This is about_as large a current as can conveniently be drawn from an ionization 
chamber of this size while still preserving the proportionality between ion cur- 
rent and neutron flux. 

5.36. If the chamber is to operate in regions of relatively low flux, the coated 
electrode area should be made as large as possible. In some instruments, the 
electrodes are parallel and cup-shaped, thus providing a relatively large area 
within a small volume.* The same objective has been achieved in an ionization 
chamber using a number of flat, circular parallel (boron-coated) plate electrodes, 
connected alternately and arranged perpendicular to the direction of neutron 
travel (Fig. 5.5).f This instrument, called the PCP (parallel circular-plate) 
chamber, was designed to respond quickly to a change in the neutron flux in the 
reactor core; it delivers a current of 10-> amp in a streaming thermal flux of 
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Fia. 5.5. Parallel circular-plate (PCP) ionization chamber 


* TH, Carmichael, unpublished; see also § 5.39, 
+R. K. Abele and J, ©, Gundlach, Report ANCD-3494, 
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2.5 X 10° neutrons/(cm?)(sec). By keeping the chamber in a region where the 
flux is relatively low (cf. § 5.110), and by using construction materials, e.g., 
high-purity graphite for the electrodes and a magnesium-aluminum alloy shell, 
which do not become very radioactive under neutron bombardment, the chamber 
can be handled safely 30 min after the reactor is shut down. 


DIFFERENTIAL AND COMPENSATED CHAMBERS 


5.37. Both for control and monitoring it is frequently necessary to determine 
the slow-neutron flux in the presence of fairly intense gamma radiation. One 
way in which this can be achieved is by the use of two chambers, as described 
in § 5.32. One chamber contains boron trifluoride gas and is sensitive to both 
slow neutrons and gamma rays; the other contains argon and responds only to 
the gamma radiation. The difference in the ion current is then a measure of 
the slow-neutron flux. This differential method can be used for monitoring, but 
it is not satisfactory for reactor control, because the device is too cumbersome 
for the purpose. 

5.38. The principle of the compensated ionization chamber designed for 
reactor control purposes may be explained with the aid of Fig. 5.6. There are 
three electrodes A, B, and C; of these, B is the collecting electrode, which is 
grounded, and A and C are the accelerating electrodes, whose potentials are 
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Fia. 5.6. Compensated ion chamber for neutron detection 


Opposite with respect to ground. If the position of B is such that the volumes 
AB and BC are roughly equal, the amounts of ionization produced in them by 
#umma rays will be approximately the same. The net ion current to the col- 
locting electrode will then be almost zero. If now boron is coated on the surfaces 


of one volume of the chamber, e.g., AB, the net ion current will be a measure 


of the neutron flux. 

5.39. A drawing of the gamma-compensated ionization chamber, developed 
at Oak Ridge National Laboratory for use in reactor control, is given in Fig. 
§.7, The electrodes consist of three graphite cups which fit together. Provision 
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is made for adjusting the compensating volume; the best position of the inner 
cup depends on the gradient of the gamma-ray flux and must be determined for 
the particular location in the reactor. The outside diameter of the chamber is 

3 in. and its total length is about 36 in., although the sensitive region is re- 
stricted to a few inches at the end. The compensated ion current may vary 
from 10- amp, at full operating level of the reactor, down to 10-” amp, and 
even to 10-” amp, so that the instrument can be used over at least a 10°-fold 
power (or neutron flux) range. 
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Fie. 5.7. Gamma-compensated ionization chamber 


DEVICES FOR MEASUREMENT OF ION CURRENT 


MAGNITUDE AND RANGE OF CURRENT 


5.40. One of the main problems associated with the use of ionization chambers 
is the measurement of the small ion currents. Suppose an instrument of this 
type, with boron-coated electrodes, is being used for the detection of neutrons; 
as seen above, the energy of the alpha particle liberated for each neutron react- 
ing is 1.5 Mev. Its range in air is about 0.7 cm, and so if the plates of the 
chamber are at least this distance apart, it may be supposed that the whole of 
the 1.5-Mev energy is expended in causing ionization in the chamber. It 
requires roughly 33 ev to form one ion-pair in air, and so the alpha particle will 
produce 4.5 X 10 ion-pairs. The charge carried by each ion of a pair is, in 
general, equal to the electronic charge, i.e., 1.6 X 10~ coulomb (amp-sec). 
The alpha particles liberated in the chamber at the rate of 1 per sec will thus 
produce an ion current of (4.5 X 10¢)(1.6 X 10~") = 7.2 X 10-% amp. The 
0.85-Mev lithium ion will produce an ion current of somewhat more than half 
this amount. Hence the total ion current may be assumed to be approximately 
10-4 amp per neutron per sec reacting with boron in the ionization chamber. 

5.41. The neutron flux in a reactor will vary over a considerable range, from 
shut-down to full operating level, and the rate of alpha-particle and lithium-ion 
production in an ionization chamber may easily range from 10* (or less) to 10" 
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(or more) per sec. The corresponding range of the ion current would thus be 
from about 10—” to 10-* amp; these appear to be roughly the practical limits for 
satisfactory operation of an ionization chamber. For the measurement of cur- 
rents less than 10~- amp or so, long integration times are required and then 
statistical fluctuations make the results unreliable (§ 5.97, et seq.). 

5.42. Many devices have been developed which are suitable for measuring 
the currents produced by ionization chambers. No one instrument can be said 
to be superior to others for all purposes; generally, one particular method of 
measurement will be best suited to each type of application, involving certain 
current magnitudes and ranges. Some of the chief methods for determining 
ion currents, and the conditions under which they are employed, will be con- 
sidered in the following sections. 


GALVANOMETERS 


5.43. Currents in the range of 10- to 10-* amp, i.e., 1 to 100 microamp, can 
be readily indicated on a microammeter. In spite of their simplicity, such 
instruments are of limited applicability, since more is often required than mere 
indication of the ion current on a short scale. However, when combined with a 
magnetic relay, such as the Sensitrol,* microammeters can be used to operate 
safety circuits, e.g., when the neutron flux exceeds a predetermined value (see 
Chapter VI). 

5.44. The suspension type galvanometer has been employed in the past in 
reactor work; in conjunction with a neutron-sensitive chamber, it is sometimes 
the principal instrument used for indicating the power level of a reactor. A 
single galvanometer with shunts can be used to measure currents with consid- 
erable precision over the effective range of a good ionization chamber, e.g., 
10-" to 10-* amp. The sensitivity of the galvanometer can be increased by 
inclusion of a potentiometer which supplies a compensating current, leaving 
only the difference current to be read on the scale of the instrument. For exam- 
ple, suppose the ion current at operating level of the reactor is the full-scale 


reading of 100 microamp. If now a constant compensating current of 99 


microamp is supplied to the galvanometer, the sensitivity can be increased to 1 
microamp for full-scale. A change of 0.1 per cent in the power of the reactor 
would then correspond to a 10 per cent change in the galvanometer reading. 
5.45. Galvanometers have been found useful in the operation of a reactor at 
widely different power levels for experimental purposes. An important advan- 
(age is the fact that they do not employ electronic tubes, thus eliminating a 
possible source of failure. Their chief disadvantages are their slow response 


lo changes in current and the fairly elaborate installation required to make them 


insensitive to mechanical vibrations. 


* It may be noted that there has been some question concerning the reliability of so light 
a relay, 
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VIBRATING-CAPACITOR ELECTROMETER 


5.46. Vibrating-capacitor electrometers,* sometimes called vibrating-reed 
electrometers, are finding increasing application for the measurement of small 
currents. They are used, in conjunction with ionization chambers, not so much 
for indicating the neutron flux (or power) in reactor control, but rather in sub- 
sidiary aspects, such as monitoring the radioactivity of the coolant, e.g., air or 
water, after passing through the reactor. Vibrating-capacitor electrometers 
are useful in such applications because they will measure currents as low as 
10- amp with a reasonably short response time. They can be used for currents 
down to 10” amp, although with proportionately longer response times. The 
instruments can operate for long periods without requiring recalibration or 
resetting the zero. 

5.47. The principle of operation of the vibrating-capacitor electrometer may 
be explained by reference to Fig. 5.8; current from an ionization chamber flows 
first through an isolating resistor Ro and then through the resistance FR, thereby 
generating a voltage (V) at A, and a corresponding charge (Q = CV) on the 
capacitor C. By means of an electromagnetic vibrator, the capacitance of C' is 
varied so rapidly, usually 60 eps, that the charge does not have time to become 
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Fig. 5.8. Vibrating-capacitor electrometer circuit 


redistributed during one cycle. As a result, the voltage at A is modulated at 
the capacitor vibration frequency. The modulated voltage can then be ampli- 
fied by means of an a-c amplifier and the rectified output voltage used to operate 
a meter, a relay, or a recorder, as required, according to the purpose of the 
instrument. If a recorder is to be used, it may prove more economical to 
employ a combined electrometer-recorder, | since many commercial recorders are 
already equipped with a-c amplifiers and phase-sensitive detectors. 


* H. Palevsky, R. K. Swank, and R. Grenchik, Rev. Sci, Inst., 18, 298 (1947), 
+ H. Reese, Jr., Nucleonics, 6, No. 8, 41 (1950). 
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D-C AMPLIFIERS 


5.48. Direct-current amplifiers have been applied for many years for measur- 
ing small currents.* While they can be used for currents down to 10~” amp, 
reactor operation seldom involves indication of currents below 10~” amp. 
Although much simpler than vibrating-reed electrometers, they are more sub- 
ject to drift. A typical requirement for a d-c amplifier would be somewhat as 
follows. A neutron-sensitive ionization chamber delivers an ion current of 10 
microamp at normal reactor power, and it is desired that this small current 
should produce a 30-volt signal with a low impedance for operating a safety 
circuit. In addition, the neutron flux (or power level) as measured by the ion 
current, should be indicated on a 10-millivolt recorder. A possible scheme for 
accomplishing these results is shown in Fig. 5.9. 

5.49. The vacuum tube is operated as a cathode follower{ with a gain of 
slightly less than unity. If R, is chosen as 3.3 megohms, a signal of 33 volts 
will be developed across it in the case postulated above. This will produce a 
signal at the cathode of approximately 30 volts, plus the grid-to-cathode bias 





RECORDER 


Fia. 5.9. Recording of neutron flux by ion chamber and d-c amplifier 


which can be canceled if necessary. A resistor divider network (Rs, Ru.) is then 
used to provide the 10 millivolts to the recorder. Since the signal from the tube 


- is large, drifts due to changes in contact potentials (which may be as high as 


().1 volt) will not affect the signal voltage appreciably. It is an important, but 
sometimes overlooked, condition that the signal voltage at the grid of the tube 
must be much larger than the contact potential drifts. 

5.50. The method described can be used for much smaller currents; it is only 
necessary to increase RF; in order to maintain a large signal voltage at the grid of 
the tube. There are, however, two factors which place a limit upon going to 
smaller and smaller currents. One is the grid current in the tube, i.e., the cur- 


'” Tor circuit details, see W. C. Elmore and M. L. Sands, ‘Electronics: Experimental Tech- 


niques,” National Nuclear Wnergy Series, Div. V, Vol. 1, McGraw-Hill Book Co., 1949, p. 180, 
ot weq.; K. Kandiah and D, 8, Brown, Proc. Inst. Elec. Eng. (Lond.), 99, Part II, 314 (1952). 
} Cf, W, ©, Elmore and M, L, Sands, op, cit., p, 56, 
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rent collected on the grid due to electrons and positive ions produced in the tube 
itself. This limitation can be overcome by the use of special electrometer tubes, 
such as the General Electric FP-54, with grid currents of less than 10—* amp, 
which are well below the ion currents usually encountered in reactor measure- 
ments. 

5.51. The second factor setting a lower limit on the current which can be 
measured by means of a d-c amplifier is associated with the time constant (RC) 
of the input circuit. In this case, it is equal to the product of the resistance Ri, 
in parallel with C (Fig. 5.9), and the capacitance of the ionization chamber and 
connecting cables. As R, is increased, in order to measure smaller ion currents, 
the time constant becomes very long and the meter responds very slowly. 
Since long cables are generally necessary with ionization chambers used for 
reactor control, the problem is particularly serious. For example, if R; is 10” 
ohms and C; is 500upf, the time constant is 500 sec; this would be much too 
long for reactor control, since rapid response is vital. 

5.52. One solution to the problem is to design ionization chambers to give 
larger currents, and this is done whenever possible. An alternative is to use 
electronic circuits that produce the required output voltage of about 30 volts 
with signal voltages of a few millivolts, so that R; can be kept reasonably small. 
This involves the use of d-c amplifiers to amplify the signal voltage, with the 
attendant difficulties due to drift in contact potentials. Changes in the gain 
of the amplifier due to tube aging can usually be minimized by feedback net- 
works. If neither of the foregoing measures proves altogether satisfactory, 
then the vibrating-capacitor electrometer, described in the preceding section, 
will be a better, although more expensive, solution to the problem of measuring 
very small currents. 


LoagaritHmMic AMPLIFIERS 


5.53. Because of the wide range in neutron flux encountered during start-up 
of a reactor, it is convenient to have a meter that reads the ion current on a 
logarithmic scale. This can be achieved essentially by substituting a therm- 
ionic diode for the resistance R; in Fig. 5.9. Within certain current limits, e.g., 
about 10-4 to 10-” amp, the voltage across such a diode is proportional to the 
logarithm of the current flowing through it. An instrument of this kind is 
called a “log n meter,” since it indicates the logarithm of the neutron density 
(or flux). 

5.54. The general outline of the circuit for a logarithmic amplifier is indicated 
in Fig. 5.10.* The current from the ionization chamber is led directly to the 
plate of a thermionic diode, which provides the only path to ground. When the 
ion current is very small, the plate of the diode assumes a negative potential of 
a few volts. As the current increases, the plate voltage, V, increases toward 


*W. H. Jordan, H. B. Frey, and G, Kelley, Report ORNL-110, C. W. Johnstone, 
Report ANCU-868; J. Weill, Nucleonics, 11, No, 8, 86 (19538), mt 
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zero according to the expression V = Bln ki, where 7 is the ion current and 
B and k are constants. The voltage change across the diode is only about 0.2 
volt per 10-fold change in the ion current, and so a voltage amplifier is required. 
Thus, one with a gain of 100 will produce approximately 20 volts output for a 
10-fold change in the neutron flux. The input resistance of the amplifier must 
be high if all the chamber ion-current is to flow through the diode. The output 
terminals can be connected directly to a strip chart recorder. 






D.C. 
AMPLIFIER 






Fig. 5.10. Logarithmic amplifier circuit 


5.55. One of the disadvantages of the logarithmic amplifier is that it cannot 
be relied upon for accurate measurement of neutron flux, because of drifts due 
to changes in the diode. The situation can be improved somewhat by means of 
balanced diodes and differential amplifiers. However, the main use of the 
logarithmic amplifier is to indicate the reactor period (§ 4.9) during start-up or 
shut-down; in this connection the drifts are not a serious handicap. 


Prriop METERS 


5.56. For the direct determination of reactor period the output of the loga- 
rithmic amplifier is fed into an RC differentiating circuit, as in Fig. 5.11. As 


seen above, the voltage at A is given by 
D.C. 


V = Binki, (5.56.1) 
Fie. 5.11. Diagram of differentiat- 
ing circuit 







where 7 is the ion current which is propor- 
tional to the neutron flux (or density). If 2 
is the ion current at time t = 0, and 7 is the 
value at time ¢, then it follows from equa- 


tion (4.9.1) that 
4 = tyetlT, (5.56.2) 


where 7' is the stable (or constant) reactor period. Upon combining equations 
(5.56.1) and (5.56.2) the result, is 


V=Ve+Bq (5.56.3) 
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where Vo is the initial voltage. The current 7, flowing through the meter M is 
equal to C( dV /dt) plus a transient term which decays exponentially with a time 
constant RC. Upon substituting the value of dV/dt obtained from equation 
(5.56.3), it is found that 


so that the current 7, read on the meter M is inversely proportional to the 
reactor period. 

5.57. The period meter M may be a microammeter with a scale calibrated in 
seconds, so that the period can be read directly. A meter with an offset zero 
can be used to indicate both positive and negative periods. Since the voltage 
drop across R, or a portion of it, is also a measure of the current 7,, it can be 
used to operate a recorder or to provide a signal for activating a safety circuit. 

5.58. The tracings obtained on recorder charts attached to a logarithmic 
amplifier (log n meter) and to a period meter during shut-down and start-up of 
a reactor are reproduced in Figs. 5.12 and 5.18, respectively. It should be 
noted that the time scales run from right to left in each case, and that in the 
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Fia. 5.12, Recorder tracing of log n accompanying insertion and withdrawal of control 
rods § 
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latter figure the record is in two parts (upper and lower), because the chart 
speed was faster. 

5.59. At time ¢ = 0, the control rods were inserted so as to shut down the 
reactor (Fig. 5.12); the neutron density dropped, at first very rapidly, and then 
more slowly because of the effect of the delayed neutrons (§ 4.40). At time 
t = 12 min, one control rod was withdrawn, causing a transient rise in the 
neutron density. However, the reactor was still subcritical, and so the transient 
rise was followed by a further decrease. The transient changes accompanying 
the withdrawal of other control rods are seen on the chart, until at ¢ = 14 min, 
the reactor became supercritical and the flux began to increase exponentially, as 


10 7.5 5.0 25 Oo 
—=—— MINUTES AFTER SHUTDOWN 


PERIOD, SEC 








17.5 15 12.5 10 
—=—— MINUTES AFTER SHUTDOWN 


Fig. 5.13. Tracing of period indicator based on differentiation of log n curve 


indicated by the straight line on the logarithmic chart. Att = 17 min a safety 


cireuit tripped, because the neutron flux was too high, and the reactor was 
automatically shut down. 

5.60. The corresponding tracing on the period meter which gives, in effect, 
the slope of the logarithmic curve in Fig. 5.12, is shown in Fig. 5.13. Between 
(= 5 and 12 min, the line indicating the (negative) reactor period is approxi- 
mately horizontal. Although there is considerable fluctuation or ‘noise’ 
(§ 5.100), it can be seen that the period was roughly constant, at about —80 sec, 
corresponding to the linear portion of Fig. 5.12, between 5 and 12 min. The 
(transients due to withdrawal of the control rods are seen from t = 12 to 14 min. 
Between 1 = 15 and 17 min, the (positive) period was approximately constant 
ut 15 see; then, when the safety rods dropped, at t = 17 min, because the maxi- 
mum allowable power was exceeded, the period became negative. 
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NONINTEGRATING IONIZATION CHAMBERS* 


Punst CHAMBERS 


5.61. The foregoing discussion has referred to ionization chambers of the 
integrating type; some consideration will now be given to nonintegrating devices, 
or particle counters, which record individual ionizing events. The basic differ- 
ence between an integrating system and a particle counter lies in the values of 
their RC time constants relative to the frequency of arrival of the particles. If 
an ionization chamber is to function as a particle counter, the time required to 
indicate the voltage change resulting from collection on the electrodes of the 
ions produced by a single particle must be considerably less than the average 
time between the arrival of successive particles. Consequently a particle 
counter circuit must have a relatively short time constant; the ionization burst 
due to the entry of each separate particle can then be detected. In instruments 
of the integrating type, the time constant is long; the ion current may then be 
regarded as a continuous succession of ionization bursts which cannot be re- 
corded individually because of the slow response of the system. 

5.62. The schematic arrangement of an ionization-chamber circuit for pulse 
counting is shown in Fig. 5.14. The collecting electrode is connected to a 
suitable amplifier, so that the pulses are amplified (and modified) before going 

on to activate a counting instrument, 

as will be described below. The time 
ToamPurier Constant of the chamber is determined 
by the resistance R and the associated 
capacitance C. If RC of the detecting 
system is fairly large, then there will be 
sufficient time for recording the slow- 
moving positive ions formed in each 
ionization pulse. The system is then 
called an ion-pulse chamber; the pulse 
height is proportional to the total number of ion-pairs produced in the chamber, 
irrespective of the position where they are formed. The main disadvantage of 
the ion-pulse system is that the relatively large time constant, e.g., 0.01 sec, 
makes it unsuitable for fast counting. Such chambers are not generally em- 
ployed in reactor operation. 

5.63. If the over-all time constant is decreased to about 20 microsec or less, 
by differentiation in the amplifier, the positive ions are not recorded and the 
system operates on electron collection only; there is then obtained an electron- 
pulse chamber. Such a chamber, which requires that the negative parts of the 


+H. 





Fig. 5.14. Ionization-chamber circuit 
for pulse counting 


*D. R. Corson and R. R. Wilson, Rev. Sci. Inst., 19, 207 (1948); R. R. Wilson, D, R. Corson, 
and ©. P. Baker, “Particle and Quantum Detectors,’ National Research Council, 1950; 
8. C. Curran and J, D, Craggs, “Counting Tubes: Theory and Application,” Academic Press, 
Inc., 1949; see also references to § 5,12, 
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ion-pairs shall exist mainly as free electrons, can be used to record pulses follow- 
ing one another at short time intervals. This means that the resolving time, i.e., 
the time elapsing between pulses which can be recorded separately, can be quite 
small. However, unless suitably modified by means of a grid between the 
electrodes, the size of the pulse is not independent of the position in the chamber 
where the ionization is produced. 

5.64. The chief problem in the operation of an electron-pulse type ionization 
chamber is maintaining the purity of the filling gas. In order to produce a 
quick change in the potential of the electrode, required for counting, it is neces- 
sary that the electrons formed by the entry of an ionizing particle should remain 
free and thus be capable of rapid migration to the positive electrode. If they 
become attached to gas molecules, to form negative molecular (or atomic) ions, 
their rate of movement is greatly decreased. Gases such as hydrogen, nitrogen, 
and the noble gases have a very small affinity for electrons and so, when pure, 
are suitable as filling gases for pulse counters. Traces of oxygen, water vapor, 
or any halogen must be avoided, because they readily capture electrons. Con- 
sequently if a sealed chamber is to be used, it must be thoroughly baked and 
out-gassed before filling, and it must be completely airtight. In many cases 
fresh gas is flowed continuously through the chamber; tank argon is satisfactory 
for this purpose. 

5.65. One of the important advantages of the pulse chamber is that it can be 
used to determine strongly ionizing particles, e.g., alpha particles, directly and 
neutrons indirectly, in the presence of considerable intensities of radiation having 
a low specific ionization, e.g., beta particles and gamma rays. If the ionization 
chamber is fairly small, e.g., a few centimeters between the electrodes, then the 
number of ion-pairs produced by an alpha particle or, indirectly, by a neutron 
will greatly exceed that due to entry of a beta particle or gamma-ray photon. 
The voltage pulses will, accordingly, be much greater with the strongly ionizing 
particles. It will be seen below that the output pulses from the chamber are 
fed into an amplifier followed by a scaler or counting-rate meter; if the latter is 


_ properly biased, it will respond only to the large pulses and not at all to the weak 


ones. This discrimination might fail if the alpha particle or neutron density 
were very low while that of the gamma radiation, for example, is high. The 
weak pulses due to the latter might arrive at such frequent intervals that they 
would “pile up” on one another to produce, effectively, one large pulse to which 
the counter (or scaler) would respond. Such a situation can sometimes be met 
by decreasing the time constant (see § 5.69). 


Puss CHamBers FoR NEuTRON DETECTION 


5.66. For detecting neutrons, the pulse chamber may be lined with boron or 


filled with boron trifluoride. Most generally, however, the interior of the cham- 
her (or the electrode surface) is coated with a uranium compound enriched with 
uranium-235; it is then called a fission chamber, The entry of a slow neutron 
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causes fission of the uranium, and the resulting fragments produce considerable 
ionization in the gas. Fission chambers have been found particularly useful 
for measuring neutron flux during the early stages of reactor start-up and shut- 
down. The pulse due to the fission fragments is so large that there is no diffi- 
culty in discriminating even against ‘‘pile-up”’ pulses from gamma rays. This 
is, of course, very important soon after shut-down, when the gamma-ray in- 
tensity is considerable. 

5.67. A pulse-type fission chamber designed for reactor operation is shown 
in Fig. 5.15, together with some associated equipment.* The chamber itself is 
approximately 4 in. long and 1 in. in diameter. A nickel cylinder coated on the 
inside with uranium-235 (approximately 1 mg/cm?) fits snugly inside the cham- 
ber. The central (collecting) electrode is an aluminum cylinder, of 3; in. diam- 
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Fig. 5.15. Pulse-type fission chamber 


eter, supported by the coaxial connector. Provision is made for attaching a 
neutron-absorber rod to the end of the chamber, so that withdrawal of the 
chamber and absorber into a cylindrical hole in the concrete shield will greatly 
reduce the neutron flux to which the chamber is exposed. 


PuLsE SHAPING AND AMPLIFICATION 


5.68. Since there is no internal (gas) amplification in the ionization chamber, 
the relatively small voltage changes due to ionization bursts must be amplified 
in order to actuate a counter. In addition, the shape of the output pulse is 
such as not to lend itself to rapid counting, and so it must be modified in an 
appropriate manner. The passage of an ionizing particle through the ionization 
chamber produces a voltage change on the (positive) collecting electrode of the 
form depicted in Fig. 5.16. There is at first a slow rise due to amplifier limita- 
tions, followed by a rapid rise as the electrons move toward the collecting elec- 
trode. This process is complete in about 1 microsec or less. Subsequently, the 
voltage decays slowly, because of leakage, at a rate dependent upon # and C in 
Fig. 5.14. The best signal-to-noise ratio is obtained by making F large, e.g., 


“Oak Ridge National Laboratory, unpublished, i 
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10 to 100 megohms. The time constant of the chamber is then large and the 
pulse voltage may take some hundreds of microseconds to decay. 

5.69. In order to obtain a pulse of short duration, suitable for counting, the 
original output pulse from the ionization chamber is first amplified, by means of 
a linear amplifier.* Here the pulse is increased 20- or 30-fold, and it then passes 
to a differentiating circuit (Fig. 5.11), which gives an output voltage pulse of 
the form of Fig. 5.17. This pulse is seen to rise and fall sharply, in a short time 
interval, so that it is suitable for fast counting. It is further amplified by a 
factor of 1000 or so to produce a pulse with a height of 10 to 100 volts. The 
duration of the pulse depends on the RC characteristics of the amplifier. The 
ORNL A-1 amplifier} has provision’ for a stepwise variation of the pulse length 
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Fia. 5.16. Shape of voltage pulse from Fia. 5.17. Shape of voltage pulse after 
ionization chamber amplification and differentiation 


from about 0.7 to 20 microsec. Smaller pulses can be detected in the “slow” 
position, but discrimination against the gamma-ray background, if present, can 
best be achieved in the ‘‘fast’”’ position. 

5.70. When amplified, as described above, the voltage pulse can actuate a 
mechanical counter, so that the number of pulses produced, and hence the 
number of particles entering the ionization chamber, can be recorded. As a 
general rule, mechanical recorders cannot operate fast enough, and so an elec- 
tronic scaler is inserted between the amplifier and the recorder which permits a 
specified fraction only of the pulses to be counted. For many aspects of reactor 
operation it is necessary to obtain a rapid indication of the radiation, e.g., neu- 
tron, density. In such cases a counting-rate meter is used in conjunction with 
i pulse chamber and its associated amplifier. Since scalers and counting-rate 
meters are employed in connection with proportional and Geiger counters, as 


* Por a general description of voltage amplifiers, see W. C, Elmore and M. L. Sands, op. cit., 


( nore 3, 
| W. HL, Jordan and P, R, Bell, 2ev, Sei, Jnat., 18, 708 (1047), 
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well as with ionization chambers, for recording pulses, a more detailed descrip- 
tion of these instruments will be given later (§ 5.91, et seq.). 


PROPORTIONAL COUNTERS* 


GENERAL CHARACTERISTICS 


5.71. The use of the proportional region III of Fig. 5.2 for the counting of 
ionizing particles has certain advantages. In the first place, the internal (gas) 
amplification means that less external amplification is required to make the 
voltage pulses large enough to actuate a mechanical counter or scaler. In the 
second place, a properly designed proportional counter has a very short recoy- 
ery time, and so very high counting rates are possible. Since the extent of gas 
amplification increases with the voltage between the electrodes, it is possible, 
by operating at moderate voltages, to count highly ionizing particles in the pres- 
ence of those having a low specific ionization. Then, by increasing the voltage, 
both kinds can be counted simultaneously, if desired. 

5.72. One disadvantage of proportional counters, as compared with ioniza- 
tion chambers, is that the former require much higher voltages, e.g., 500 volts 
or more. Further, although variations in the applied voltage have little or no 
effect on the operation of an ionization chamber, such variations will alter the 
gas amplification, and so the output, of a proportional counter. 

5.73. The electrodes in the proportional counter consist of a cylinder and a 
central wire, as in Fig. 5.1. The central wire is invariably made the anode 
(positive electrode) and this is usually the collecting electrode connected to the 
amplifier. The electric field between a cylinder and a central wire electrode is 
nonuniform, since it increases in proportion to 1/r, where r is the distance from 
the wire. The field strength near the central electrode is therefore very large 
and a pulse of appreciable size, due to gas amplification, can result from the 
entry of an ionizing particle. In principle, the proportional region could be 
used in an integrating instrument in which the ion current is measured. But 
this would require such exact control of the electric field between the electrodes 
as not to be practical. Consequently pulse counting is always employed, and 
this accounts for the name ‘proportional counter.” 


PunLsE FORMATION 


5.74. The pulse from a proportional counter is formed in a different, manner 
and differs in shape from that produced by an ionization chamber. The major 
role in pulse formation is now played by the motion of the positive ions, that of 
the electrons being relatively insignificant. Because of the high potential 


gradient near the central wire anode, most of the gas amplification occurs there, — 


The positive ions formed are then accelerated rapidly outward, thus producing 
a voltage pulse with a sharp initial rise (Fig. 5.18). The subsequent gradual 


“Por references, see §§ 5,12, 5.61, 4 
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increase results from the slower motion of the positive ions in the regions of 
lower potential gradient a short distance away from the wire anode. 

5.75. Since a pulse of the form of that in Fig. 5.18 is not of a good shape for 
counting, the output of the proportional counter is passed through a differentiat- 
ing or “clipping” (RC) circuit. The exact shape of the pulse so obtained de- 
pends upon the time constant of the circuit, and two examples are shown in 
Fig. 5.19. It is seen that the use of an RC circuit with a short time constant 
gives a sharp output pulse suitable for rapid counting. The fact that the 
height of the pulse decreases as the time constant becomes shorter is not serious 
because the pulse can be amplified electronically, if necessary. 
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Fic. 5.18. Shape of voltage pulse from Fia. 5.19. Shape of voltage pulse after 


proportional counter passage through a differentiating (or 


“clipping”’) circuit 


5.76. When used in conjunction with a suitable clipping circuit with a small 
RC value, as described above, the resolving time of a proportional counter can 
be made very short, e.g., about 0.2 microsec or so. It should be pointed out, 
however, that the actual resolving time is not quite as short as would be implied 
by Fig. 5.19. The curve in Fig. 5.18 shows the voltage pulse increasing rapidly 
from zero time, but there is really a lag between the initial ionization and the 
rapid voltage rise. This is the time interval during which the primary electrons 
travel to the central wire anode. By using a suitable filling gas, e.g., a mixture 
of argon and carbon dioxide, the time lag can be reduced to about 0.1 microsec, 
a that the resolving time is not seriously affected. 


Applications OF ProporTiIOoNAL COUNTERS 


5.77. As is the case with ionization chambers, proportional counters are par- 
ticularly suited to the measurement of alpha particles and neutrons. They are 
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widely used for monitoring both personnel and areas for the presence of alpha- 
particle emitters (§ 9.97). For neutron counting the tube containing the elec- 
trodes is filled with boron trifluoride if slow neutrons are to be counted, and 
with hydrogen for the detection of fast neutrons. By applying the appropriate 
bias to the counting-rate meter or scaler, the weak pulses due to beta particles 
or gamma radiation can be eliminated. The small resolving time of the propor- 
tional counter makes discrimination possible even against ‘“‘pile-up” pulses. In 
nuclear reactor work, proportional counters (containing boron trifluoride) are 
employed to some extent, although not where great accuracy is required (cf. 
§ 5.115). 


GEIGER-MULLER COUNTERS* 


GENERAL CHARACTERISTICS 


5.78. Instruments operating in the Geiger region V of Fig. 5.2 are called 
Geiger-Miiller counters (or Geiger counters), frequently abbreviated to G-M 
counters. Although the counter (or tube) itself can take various forms, both 
in size and shape, the electrodes almost invariably consist of a central wire 
anode, which is the collecting electrode, surrounded by a cylindrical cathode, 
just as for a proportional counter. The applied voltage is high, usually from 
800 to 1500 volts, but its actual value is not critical, provided it is somewhere 
about the center of the Geiger plateau (§ 5.21). Thus the disadvantage of 
having to use such high voltages is partly offset by the fact that small variations 
will not affect the operation of the counter. 

5.79. The main advantage of the G-M counter lies in the very considerable 
gas amplification, e.g., as high as 10%, which is possible. The output pulses are 
often of the order of several volts, and little, if any, external amplification is 
required for the operation of a counter or counting-rate meter. However, 
reshaping of the voltage pulse is desirable.t The size of the voltage pulse from 
a G-M tube is essentially independent of the specific ionization (direct or indi- 
rect) caused by the nuclear radiation; thus, a neutron and a gamma-ray photon 
would produce the same effect. For this and other reasons, the G-M counter 
is not used directly in nuclear reactor operation. Its main function in the 
reactor field, apart from laboratory applications, is for monitoring relatively 
weak beta and gamma radiations. 

5.80. The efficiency of a G-M counter for gamma-ray photons is quite small 
and varies with the energy. The efficiency can be improved, however, by 
utilizing the fact that, except for radiation of very low energy, pulses produced 
(indirectly) by photons are due to electrons resulting from the interaction of the 


gamma radiation with the walls of the G-M tube, rather than with the contain- — 


* See references in §§ 5,12, 5.61, © 
+R. P, Ghelardi and ©, H, Brown, Nucleonics, 1, No. 1, 50 (1947), \ 





5.83] NUCLEAR REACTOR INSTRUMENTATION 301 


ing gas. By making the walls of a material of high atomic number, the proba- 
bility (cross section) of interaction is increased and so also is the efficiency of the 
counter for photons. At the same time, the efficiency is made less sensitive to 
energy variations in the gamma radiations. For reasons given below, the resolv- 
ing time of the G-M counter is, in general, relatively large compared with that 
of an ion chamber or proportional counter. 


QUENCHING THE DISCHARGE 


5.81. A troublesome feature of the G-M tube is that, when an ionizing particle 
produces an avalanche of ion-pairs, the resulting discharge may itself initiate a 
series of further discharges. One particle may then give rise to several pulses 
or to a long continuous pulse. This phenomenon is attributed to the action of 
the positive ions. As a result of various direct and indirect processes, the 
impact of these ions upon the cathode is accompanied by the liberation of elec- 
trons. These are attracted to the central wire (anode) and in their path pro- 
duce ionization which will cause a second discharge in the tube. In turn, this 
may be followed by another, and so on. Apart from the fact that these second- 
ary discharges may give rise to spurious counts, the arrival of further primary 
pulses may go unrecorded. 

5.82. There are two main methods for suppressing or quenching the discharge, 
so that it stops after each primary pulse. One method is by the use of an elec- 
trical quenching circuit which reduces the voltage below the starting potential 
(§ 5.21) momentarily after each pulse and restores it in time for the next pulse. 
Alternatively, a small quantity of a suitable organic vapor or a halogen (chlorine 
or bromine) may be added to the gas in the G-M tube; in the presence of such a 
quenching gas the positive ions do not cause the release of electrons when they 
strike the cathode. Most G-M tubes in use at the present time are of the self- 
quenching type; they contain argon, as the main filling gas, and a small propor- 
tion of a quenching material, e.g., ethyl alcohol. 


Deap Time AND RESOLVING TIME 


5.83. If properly quenched, either internally or externally, the voltage pulse 
from a G-M tube, as a function of time, has a shape similar to that shown at the 
left in Fig. 5.20. A second pulse arriving within the period from O to D will 
produce no effect; this period is called the dead time of the counter. It is caused 
by a positive space charge, due to the slow-moving positive ions, around the 
central wire anode. At successively later times, a second pulse of increasing 
voltage will appear, but only after the time F# will it attain its full height. The 
time period DF is referred to as the recovery time. ‘The resolving time of the 
G-M counter, which is related to the period OR, is generally longer than 2 X 1074 
sec, and so is some 200 or more times greater than the resolving time of a good 
proportional counter or ion chamber. ‘The maximum rate of arrival of pulses 
which can be resolved by means of a G-M counter is thus about 5000 per sec. 
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5.84. Because the emission of nuclear radiations is invariably a random 
process, ionization pulses are not produced uniformly. There is always @ pos- 
sibility, therefore, even at relatively low pulse rates, that some pulses will arrive 
during the dead time of the counter. This means that the maximum practical 
counting rate, to be at all accurate, must be less than given above. In any event, 
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Vic. 5.20. Dead time and resolving time of G-M counter 


it is necessary to apply a correction for “coincidence loss.’ This correction 
increases with the counting rate and with the resolving time (or dead time) of 
the tube. 


SCINTILLATION COUNTERS* 


ToNIZATION IN SoLips AND LiQquIDS 


5.85. All the instruments described above for the detection of nuclear radia- 
tions have been based on the production of ion-pairs in a gas, followed by their 
collection and recording in an appropriate manner. Nuclear radiations also 
produce ionization (and excitation) in their passage through solids and liquids, 
but the subsequent collection and measurement of the ion-pairs have proved 
difficult. The restriction to gaseous media has not been serious, except in con- 
nection with the measurement of gamma radiation. For this latter purpose an 
ionization medium of fairly high density and high atomic number is desirable if 
the detection efficiency is to be good, since the probability of interaction of the 
radiation with the medium is thereby increased. In the scintillation counter, 


* For reviews see W. H. Jordan and P. R. Bell, Nucleonics, 5, No. 4, 30 (1949); W. H, 


Jordan, Ann. Rev. Nuc. Sci., 1, 207 (1952); J. B. Birks, ‘Scintillation Counters,’ MeGraw-Hill 
Book Co. Inc., 1954; 8. C. Curran, “Luminescence and the Scintillation Counter,” Academie 
Press, Inc., 1953. .! / 
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which has developed rapidly during the past few years, a solid or liquid is used 
as the medium with which the radiation interacts. 

5.86. It has long been known that certain solids and liquids, referred to as 
phosphors, emit light when exposed to nuclear radiations. In traversing the 
phosphor the ionizing particles or radiation cause the molecules of the material 
to become ionized or excited; these molecules then emit their excess energy in 
the form of light, each interacting particle giving rise to a flash, generally called 
a scintillation. This is the basic principle used in the scintillation counter. 


DETECTION AND COUNTING OF SCINTILLATIONS 


5.87. The great revival of interest in scintillation counters in recent years is 
due largely to two factors. First, there was the discovery that certain phos- 
phors, e.g., organic compounds such as naphthalene, anthracene, diphenyl, etc., 
either in the solid state or in solution, or inorganic compounds, such as sodium 
iodide (activated with thallium), calcium and magnesium tungstates, etc., are 
transparent to the light they emit when exposed to nuclear radiations. As a 
result relatively large masses of the phosphor can be used; this insures a high 
probability of interaction with the radiation and a high detection efficiency. 
The second factor was the development of photomultiplier tubes whereby the 
effect of a scintillation can be greatly 
enhanced, thus permitting its observa- 
tion and recording. 

5.88. One method for combining 
the phosphor with a photomultiplier 
tube is shown in Fig. 5.21, the purpose 
of the aluminum foil being to act as a 
reflector of the light flashes. A par- 
ticle of nuclear radiation or a gamma- 
ray photon entering the phosphor 
produces a flash of light, either di- 
rectly or indirectly. This light falls 
upon the photocathode, on the inner 
surface of the glass envelope of the 
photomultiplier tube, where a num- 
ber of photoelectrons are liberated. 
‘These are increased about a million- 
fold (or more) in passing through the Fyg, 5.21. 
tube, so that an appreciable voltage 
pulse is produced at the output stage. 
The pulse can be further amplified electronically and counted in the same 
manner, to be described below, as for other detecting devices. 

5.89. The chief advantages of the scintillation counter are its efficiency, 
resulting from the use of relatively large masses of phosphor, as already indi- 
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cated, and the high precision and counting rates which are possible. These 
latter attributes are a consequence of the extremely short duration of the light 
flashes, from about 10-° to 10~ sec, i.e., from 1 millimicrosec to 1 microsec. 
The intensity of the light flash and the amplitude of the output voltage pulse 
are proportional to the energy of the particle responsible for the flash. Conse- 
quently scintillation counters can be used to determine the energy, as well as 
the number, of the exciting particles (or photons). 

5.90. In connection with reactor operations, scintillation counters have 
hitherto been mainly used for detecting and measuring low-level gamma radia- 
tion. Formerly, Geiger counters were largely employed for this purpose, but 
their efficiency is very low. On the other hand, scintillation counters are higher 
priced and require somewhat more complicated equipment than Geiger counters. 
By using phosphors containing lithium, scintillation counters can be adapted to 
neutron detection. Light flashes are produced by the helium and tritium 
nuclei resulting from the (n, a) reaction of the slow neutrons with lithium-6. 


PULSE COUNTERS* 


BINARY AND DeEcADE SCALERS 


5.91. A mechanical recorder can register no more than about 10 pulses per 
sec, and this is much too slow for most purposes connected with the counting of 
ionizing particles. By means of an electronic scaler, however, only one pulse 
in 2, 4, 8 (or 2” in general) or one pulse in 10, 100 (or 10” in general) is permitted 
to pass on to the recorder; these are called “binary” and “decade” scalers, re- 
spectively.{ The former are considered, on the whole, to be more reliable. 
In order to obtain the actual number of counts arriving in a given time period, 
the number recorded in that time is multiplied by the factor of the scaler. To 
this is added the number, less than this factor, still remaining in the circuit at 
the end of the counting period, as indicated by neon “interpolation” lights. 

5.92. For reasons related to the statistics of counting (§ 5.97, ef seq.), it is 
desirable, especially in connection with measurements which have to be com- 
pared with one another, always to count the same number of pulses. The time 
required is then inversely proportional to the intensity of the radiation. In 
some instruments the circuits are so arranged that an electric timer is started at 
the instant counting commences, and is stopped automatically after a prescribed 
number of pulses have been received. t 


*W. C. Elmore and M. L. Sands, op. cit., Chapter 4. 

+ B. E. Phelps, Electronics, 18, 110 (1945); W. A. Higinbotham, J. Gallagher, and M. I, 
Sands, Rev. Sci. Inst., 18, 706 (1947). 

tSee, for example, R. P. Ghelardi and C. H. Brown, loc. cit. 
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CouUNTING-RATE MeETERS 


5.93. The type of counting described above is largely used, for laboratory 
measurements, when the time period required for the pulses to be counted is 
not of particular significance. If a rapid indication of the radiation intensity is 
required, as in reactor control, a counting-rate meter can be used in conjunction 
with a pulse chamber and its associated amplifier.* 

5.94. The essential part of the circuit is a resistance-capacitance arrangement 
as shown in Fig. 5.22. The design of the charge generator is such that every 
pulse from the amplifier, exceeding a certain minimum voltage, trips a trigger 
circuit and thereby places a fixed charge, q, on to the capacitor C. This charge 


CHARGE VACUUM TUBE 
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Fie. 5.22. Block diagram of counting-rate meter circuit 


would leak through the shunting resistance R, at a rate determined by the time 
constant (2C) of the circuit. The opposing effect of the charging of the capaci- 
tor by the arrival of pulses and the leakage through the resistance leads to an 
equilibrium state. If N is the average number of pulses arriving per second, the 
rate of gain of charge is gN, whereas the rate of loss is H/R, where E is the 
voltage produced across the capacitor (and resistance R). Hence, at equilib- 
rium, 


E 
qN = R (5.94.1) 
so that 
E = qNR. (5.94.2) 


Since g and F are constant, it is evident that the voltage E is proportional to N, 
the rate of arrival of pulses. The reading on the voltmeter is then a direct 


‘measure of the radiation field, e.g., the neutron density or the flux, in which the 


ionization chamber is placed. 

5.95. Due to the random time of arrival of the pulses, the voltage E will 
fluctuate, the amount of fluctuation depending on the smoothing time constant 
KC and on the counting rate (§ 5.97). The root-mean-square fluctuation (AE) 
is given by 


AE _ 1 

 V2NRC 

Nhe range of the instrument, i.e., the counting rate corresponding to full-scale 
roading of the voltmeter, is varied by changing R. Then as the counting rate, 





* Wor doxeriptions, see A, G, Bousquet, Nucleonics, 4, No, 2, 67 (1949); E. H. Cooke- 
Yarborough and 1, W, Pulaford, Proc, Inst, Blee, Hng. (Lond), 98, Part II, 191 (1951), 
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N, becomes smaller, for example, R can be increased proportionately so that 
AE/E remains constant. The amount of smoothing and speed of response are 
determined by the capacitance, C, of the capacitor. 

5.96. For reactor control it is convenient to have a meter that indicates the 
counting rate on a logarithmic scale. This can be achieved by replacing the 
resistance R in Fig. 5.22 by a thermionic diode. As seen in § 5.53, within a 
certain current range, the voltage across such a diode is proportional to the 
logarithm of the current flowing through it. Therefore, from equations (5.56.1) 
and (5.94.1), recalling that 7 = E/R, 


V = Blog kqN, 


so that the reading on the voltmeter will be proportional to the logarithm of the 
pulse rate and, hence, of the neutron (or other radiation) density. An instru- 
ment of this kind is called a “log count-rate meter,’’ abbreviated to “log CRM.” 
If the voltage from the logarithmic circuit is applied to a differentiating system, 
the output can be used to indicate reactor periods, as in § 5.56. 


_ STATISTICAL ERRORS OF COUNTERS * 


STANDARD DEVIATION 


5.97. All individual nuclear events appear to be random in character, al- 
though when a large number of such events are examined a definite probability 
pattern is evident. If any single radioactive nucleus were considered, it would 
be impossible to say when it is likely to emit a particle. But, for a system con- 
sisting of a very large number of nuclei of the same kind, the probability that 
any nucleus will expel a particle is determined by the decay constant of the 
given species (§ 2.5). Similar considerations apply to fission and other nuclear 
reactions. One of the consequences of the random nature of nuclear processes 
is that, if two or more identical counters are exposed to identically the same 
radiation source, the number of counts recorded on each will not necessarily be 
the same. If successive readings are taken on the same counter, they may 
differ somewhat. 

5.98. According to probability theory as applied to purely random events, if 
fi is the average of a large number of measurements, the probability P, that n 
events will be recorded in any particular measurement is given by Poisson’s 


law as 
p, = @e (5.98.1) 
n! 
The standard deviation, S, ft i.e., the root-mean-square of the deviations of actual 


*W. C. Elmore, Nucleonics, 6, No. 1, 26 (1950). 

+ Fluctuations are sometimes expressed in terms of the probable error; this is the error for 
which there is an equal probability that it will or will not be exceeded, The probable error 
is 0.6745 times the standard deviation, ' 
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measurements from the average, is defined by 
au [> (a — nya (5.98.2) 
0 


Upon substituting the value of P, given by equation (5.98.1), using Stirling’s 
approximation for n!, and replacing the summation in equation (5.98.2) by 
integration, it is found that 

Sxvn. 


The relative deviation S/n is then represented by 
S/n = 1/Vn. (5.98.3) 


5.99. If it is desired, for example, to determine a neutron flux (or other radia- 
tion) with an accuracy of 1 per cent, so that S/n is about 0.01, it follows from 
equation (5.98.3) that n should be 10%. In other words, it would be necessary 
to count 10,000 ionizing events or pulses, if the result obtained is to be accurate 
within 1 per cent. The counting accuracy evidently depends on the total num- 
ber of counts taken. This is an important point in favor of an instrument 
which records the time required for a specified number of pulses to be counted 
(§ 5.92). 


AMPLIFIER NOISE AND BACKGROUND RADIATION 


5.100. A possible source of error in counting particles, as well as a limit to 
the sensitivity of a radiation detector, is due to what is called amplifier noise; it 
arises largely from the statistical nature of the electronic and ionic phenomena 
in the vacuum tubes upon which operation of the amplifier depends. Statistical 
fluctuations occurring in the early stages would be considerably amplified in 
later stages and might ultimately give rise to voltage pulses large enough to be 
counted. Amplifiers are consequently designed to give the maximum signal- 
to-noise ratio compatible with other requirements of the counter circuit. 

_ 5.101. Mention may also be made here of the background radiation as a 
source of extraneous counts, leading to errors in recording, although not statisti- 
cal in origin. Even in the apparent absence of ionizing radiations, all counters 
of sufficient sensitivity will register the background radiation. This arises in 
part from cosmic rays* and in part from the presence of traces of radioactive 
matter in the air, in the construction materials of the counter, and in surround- 
ing objects. Since these radiations cannot be eliminated completely, the back- 
ground reading of the counter or rate meter is subtracted from all measurements. 


‘* Cosmic rays owe their discovery to the observed continuous but slow leakage of charged 
electroscopes even when apparently shielded from ionizing radiation. 
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ACTIVATION METHOD FOR NEUTRON MEASUREMENT 


SATURATION ACTIVITY 


5.102. An entirely different principle for the determination of neutron flux is 
widely used in preliminary reactor studies and also for standardization of 
neutron-sensitive ionization chambers and similar devices. It is also utilized, 
in a modified form, to indicate the need for safety action in some nuclear reac- 
tors (§ 5.126). This method depends on the fact, mentioned in preceding 
chapters, that certain elements are converted into radioactive species as a result 
of neutron capture. As a general rule, the reaction is of the radiative capture 
(n, vy) type, but this is not necessarily the case. 

5.103. It was seen in § 2.202 that, when a neutron absorber is exposed to a 
constant neutron flux for a sufficient time to permit equilibrium to be attained, 
the equilibrium concentration of the resulting radioisotope is given by equa- 
tion (2.202.1) as 

Radioactive nuclei per cm* _ 2¢ (5.103.1) 
at equilibrium rA* 
In this expression 2 is the macroscopic absorption cross section of the neutron 
absorber, ¢ is the steady neutron flux, and \* is defined by 


A* = AH op, 


where oy is the microscopic neutron absorption cross section and ) is the decay 
constant of the radioactive product. In all cases of interest for the present 
purpose, o,¢ is negligible in comparison with \. For example, op may be 
10° cm?/nucleus and ¢ not more than 10“ neutrons/(cm?)(sec), so that op is 
10-* sec—!, compared with useful values of about 10? to 10~* sec for d; hence 
equation (5.103.1) may be written as 


Radioactive nuclei per cm* _ 2 
at equilibrium r 


5.104. Suppose a substance having a volume V cm! is exposed in the manner 
described; the total number of radioactive nuclei at equilibrium is then V2=o/x. 
The rate of disintegration, in nuclei per second, is equal to the number of nuclei 
present, at any instant, multiplied by the decay constant (§ 2.5). It follows, 
therefore, that 


Rate of decay at equilibrium = V2¢ nuclei/sec. 


If each decay is accompanied by the emission of one beta particle (or one gamma- 
ray photon), the equilibrium activity of the exposed specimen, as measured by 
the rate of emission of particles, is equal to the decay rate; thus, 


Activity at equilibrium = V2 particles/sec. 
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This equilibrium activity, expressed in terms of the rate of particle emission, 
is called the saturation activity (or saturated activity) of the given specimen. If 
the saturation activity is represented by A,,, then 


A, = V2¢, (5.104.1) 


so that it is seen to be proportional to the neutron flux. 


DETERMINATION OF NEUTRON FLUX 


5.105. In order to determine the neutron flux, e.g., in a reactor, a thin foil of 
neutron absorber is exposed for some time, so that it may be assumed that 
equilibrium is attained. A thin foil is used in order that the flux shall not be 
appreciably affected by the absorber and also in order that it may be nearly 
uniform throughout. The material must be one having a fairly high absorption 
cross section, which must be known, for the neutrons being observed so that 
A,, will be large enough to be easily determined. Further, the disintegration 
rate of the radioactive product should not be too large, so that it does not decay 
too rapidly while its activity is being measured. Materials which have been 
used for the purpose are indium, rhodium, silver, and manganese. 

5.106. Upon removal of the activated foil from the neutron flux, the radio- 
active nuclei will continue to decay, but they are no longer being regenerated. 
If A(t) particles/sec is the activity at any time ¢ after removal from the neutron 
flux then, by equation (2.5.2), 

A() = A,e™ 
or, using equation (5.104.1), 
A(t) = Vi¢e™, 


provided the saturation activity had been attained before the foil was taken out 
of the neutron flux. For practical purposes, 2 may be replaced by the value 
given by equation (2.113.2); the result is 
wNa 
49 = 3 
where w, equal to Vp, is the mass of the foil, A is the atomic weight of the foil 
clement, and N, is the Avogadro number. If the physical properties, A and o 
of the foil material and \ of the radioactive product, are known, the neutron 
flux, @, can then be calculated from the activity measured at time ¢ after removal 
from the flux. 

5.107. The activity of the foil after exposure is determined from the rate of 
particle emission as measured by a suitable counter of the ionization or scintil- 
lation type. It is important in this connection that what is called the geometry 
of the counter should be known. It is a measure of the proportion of the 
particles emitted by the activated foil which lead to countable events. The 
total rate of particle emission can then be estimated, and from this the neutron 
{lux can be calculated by means of equation (5,106.1). 





o¢e—™, (5.106.1) 
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5.108. If, for various reasons, it is suspected that the foil has not been ex- 
posed long enough for equilibrium to be attained, so that the activity is less 
than the saturation value for the given flux, use may be made of equation 
(2.203.2). In the present case this becomes 


A(t) = A.(1 — e~*")e-™ 


wN 
A 


where 7’ is the time of exposure to the neutrons and ¢ is the time after removal 
from the neutron flux at which the activity of the foil is measured. 

5.109. It is important to note that the neutron flux determined in the fore- 
going manner is not necessarily the total flux, but that of the neutrons to which 
the value of o applies. The method is thus particularly useful for thermal 
neutrons, where it is possible to ascribe a more or less definite average absorption 
cross section (§ 2.129). 





op(1 — e* )e-™, 


INSTRUMENTS FOR REACTOR CONTROL* 


Neutron Fiuux D&rTrERMINATION 


5.110. The neutron flux at any point is proportional to the fission rate and 
hence also to the power level of the reactor in the region where the flux is meas- 
ured. Because instruments can be made to respond to changes in the flux very 
rapidly, they provide a virtually immediate indication of local power variations. 
For control purposes, therefore, they have, in certain respects, advantages over 
more conventional devices for indicating power levels. During the early stages 
in the start-up of a reactor, the power output is so small that instruments of the 
latter type would not register. Under those conditions recourse must be had 
to ionization chambers and similar neutron detectors, in any event. 

5.111. The safe operation of a reactor requires that the neutron flux (or fis- 
sion rate) be known over a very large range; for example, the flux may vary by 
a factor of 10° or more between start-up and operating level. During start-up 
it is quite possible for the reactor to become critical and for the period (§ 4.20) 
to be very short while the neutron flux is still low. If this occurred, the reactor 
power might increase so rapidly that dangerous levels would be reached before 
steps could be taken to reduce the fission rate. Short periods should be avoided 
for safety reasons, and so the fission rate must be measured from the initial level 
at start-up to the operating level, if possible. 

5.112. No single instrument, nor even any one type of instrument, can be 
used for satisfactory measurement of neutron flux in a reactor over the whole 
possible range; as a result, it has been found convenient to divide this range into 
four regions. Although these regions are not exactly defined, and will vary to 


“D. Cochran and GC, A. Hansen, Jr., Nucleonics, 5, No. 2, 4 (1949); J. D. Trimmer and 
W. H. Jordan, ibid., 9, No, 4, 60 (1951), 
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some extent from one reactor to another, they are approximately as indicated 
in Fig. 5.23. The right end of the scale, indicated by unity, represents full 
power of the reactor and the various negative powers of ten are the respective 
fractions of full power. In the power range, the power (or flux) is from full 
power to 10 of full power; the period range covers from 10-2 to 10-® of full 
power; the counter range is from 10-* to 10-1! ; while the source range is that 
below 10~" of full power. No suitable method is available for indicating the 
neutron flux in the source range, but none is needed because a source is usually 
present which brings the flux up into the counter range. 
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5.113. The ideal instrument for reactor control should be capable of detecting 
neutrons in the presence of strong gamma radiation ; In addition, it should be 
accurate and respond rapidly to changes in neutron flux. These requirements 
are sometimes in conflict. When the neutron flux is low but the gamma radia- 
tion high, an ionization chamber or proportional counter in conjunction with a 
pulse-rate counting system is desirable because it is capable of discriminating 
between the large pulses due to neutrons and the small pulses produced by 
Kamma rays. However, since the neutron flux is small, the rate of arrival of 
pulses is small and a long integrating time is necessary if accurate readings are 
to be obtained (ef. § 5.99); the response will then be slow. If the instrument is 
designed to respond rapidly, the readings will be inaccurate. At higher neutron 
fluxes the response of a counting-rate meter would be more rapid, for a given 
accuracy, but a limit is set by the resolving time of the system. Fortunately, 
for large rates of arrival of pulses a current-measuring (or integrating) type of 
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instrument is capable of accuracy and rapid response. The effect of gamma 
radiation can then be overcome by the use of a compensated chamber. 

5.114. During the early stages of the restart of a reactor after shut-down, the 
gamma radiation field is high while the neutron flux is relatively low. A pulse- 
type ionization chamber (or proportional counter), with appropriate bias on the 
counter, is the best device for measuring the neutron flux under these conditions. 
"A fission chamber is better in this connection than one containing boron, because 
the ionization pulses are much larger in the former case, thus facilitating dis- 
crimination against gamma radiation. Since the neutron flux is small, the 
number of ionizing events in the chamber will be small and the accuracy of the 
reading will be low. Fortunately, this does not matter in the circumstances, 
and so, at the commencement of the start-up of a reactor, approximate values of 
the neutron flux are usually indicated by means of a pulse-type fission chamber 
or a proportional counter with boron trifluoride, combined with a counting-rate 
meter. It is for this reason that the description ‘‘counter range’ has been 
applied to the region in which the flux ranges from about 10" to 10~* of full 
power. 

5.115. Since the neutron flux during start-up may vary over several powers 
of ten, in the counter range, it is convenient to use a meter that indicates the 
counting rate due to the neutrons on a logarithmic scale. Such an instrument 
is the log count-rate meter (§ 5.96); meters reading from 1 count per sec to 
10,000 per sec, ie., from zero to four on the logarithmic scale, are used with 
many reactors. Even greater ranges of neutron flux can be measured by moving 
the fission chamber or detector into a part of the reactor where the flux is lower. 
The withdrawal of the chamber from the high-flux region is an advantage, in 
any event, since the problems of radiation damage and induced radioactivity of 
the chamber materials are thereby avoided. 

5.116. Because of the resolving time of the pulse chamber, the maximum rate 
of arrival of pulses, for which satisfactory readings are obtainable, is about 104 
or 10° per sec. When this condition is reached, the neutron flux is large enough 


to make possible the use of an integrating ionization chamber, thus taking 


advantage of its more rapid response. As seen earlier, satisfactory operation of 
such a chamber commences when the ion current is about 10~° amp, correspond- 
ing to about 10! particles (or pulses)/sec, and this is approaching the point where 
the pulse chamber ceases to be effective. Since the number of ionizing events 
in the chamber is still relatively small, the accuracy and steadiness of the cur- 
rent will not at first be great, but both increase with increasing neutron flux, 

5.117. In the period range the main concern is the rate at which the neutron 
flux is increasing, and so the reactor period is determined by means of a meter 
which indicates the time-derivative of the logarithm of the neutron flux (§ 5.56), 
The magnitude of the flux is recorded simultaneously by means of a log n meter 
(§ 5.52). Since it is desirable to know the reactor period at as low a power (or 


neutron) level as possible, so that dangerously short periods may be detected, a — 
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period meter is used in conjunction with a compensated ionization chamber, 
such as the one described in § 5.39. In this way the effect of the large gamma- 
ray intensity is eliminated. 

5.118. In the power range, i.e., from about 10~? of full power to full power, 
accuracy and sensitivity are the essential requirements of the indicating device, 
especially if automatic control is employed. For this purpose an ionization 
chamber is used, but, instead of logarithmic amplification, the ion current, after 
necessary linear amplification, is recorded directly on a galvanometer or micro- 
ammeter (see § 5.43) appropriately calibrated to read neutron flux or reactor 
power. The output of such an instrument may be matched against a pre- 
scribed value, representing the desired full power of the reactor, and the differ- 
ence applied to the control-rod actuating mechanism. As long as any difference 
exists, the neutron flux (and power level) is permitted to increase at a controlled 
rate, but when full power is reached the increase is halted automatically (see 
Chapter VI). The reactor is then maintained at the desired power level in an 
analogous manner; transient changes in flux, as indicated by means of the ion 
ae are compensated for by prompt, automatic movement of a regulating 
rod. 

5.119. Because of its very rapid response, the parallel-plate (PCP) ionization 
chamber, referred to in § 5.36, is often used for automatic control. It is true 
that the ion current includes some contribution from gamma radiation, but this 
is not important since it can be allowed for in the reference voltage (or current) 
against which the output of the chamber is matched. For the same reason as 
given above, the parallel-plate chamber is recommended for the actuation of 
safety circuits. 

5.120. In the foregoing discussion it has been assumed, for convenience, that 
the counter, period, and power ranges are more or less distinct. This is, of 
course, not the case, and the various instruments used overlap the boundaries, 
as indicated in Fig. 5.23, thus providing continuity of indication of neutron flux 
or power level. The log CRM instrument, for example, has a range of 10‘, part 
of which is covered by the log n meter with a range of about 10°; finally, the 
microammeter or galvanometer used in the power region is usually provided 
with shunts which give an operating range of 104 or 10°. 


INSTRUMENTS FOR SPECIAL PURPOSES 


5.121. The instrumentation problems considered above have referred in 
particular to devices using ionization produced indirectly by neutrons to indi- 
cate the neutron flux (or power level) of the reactor. In addition, a number of 
devices of a somewhat novel character, based on different principles, have been 
developed for various purposes. One of these is the neutron thermopile,* 
which is a sturdy and reliable instrument not much larger than a fountain pen. 
It contains some forty thermocouples, alternate junctions being coated with 

"J, Barbaras, et al., Report AWCD-2975; A. C, Lapsley, Nucleonics, 11, No. 5, 62 (1953). 
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boron. The heat generated when the boron interacts with neutrons is capable 
of producing an appreciable voltage. Thus, in a thermal flux of 10 neutrons/ 
(em?)(sec), the output is approximately 10 millivolts. Since thermocouples 
have a low impedance, it is not necessary to maintain high insulation resistances, 
such as are required for ionization chambers. Their chief disadvantage is a 
relatively long response time, of the order of seconds, so that they are not recom- 
mended for control purposes. Nevertheless, neutron thermopiles can play a 
part in reactor instrumentation. 

5.122. A single neutron detector placed at a particular point in a reactor indi- 
cates only the flux (or power level) in its immediate vicinity, but does not give 
a good idea of the average power level of the reactor as a whole. The flux in the 
region of the detector may be considerably influenced by absorbers in the 
vicinity and by the position of the rods used to control the reactor. A much 
more satisfactory indication of the over-all power level would be provided by 
indication of the neutron flux averaged over the reactor volume. This can be 
approximated by placing a number of detectors at various points in the reactor 
and connecting their output terminals in an appropriate manner. The rela- 
tively large volume occupied by an ionization chamber makes its use as a 
detector impractical in this connection, but boron thermopiles are small enough 
to be very suitable for the purpose of recording the average reactor power level. 

5.123. Boron thermopiles can be used as a part of the safety system of a 
reactor even though their response is slow. Certain corrective actions of the 
control rods can be initiated automatically when the average power level, as 
indicated by the thermopile, exceeds the permitted full operating level of the 
reactor by a specified amount (see Table 6.4). In addition, boron thermopiles 
have been employed for monitoring neutron flux at a given point in the reactor, 
for example, where an experiment is in progress. Knowing that the reactor 
power has been held constant is not sufficient for certain experiments, because 
of the local “shading” effects, etc. 


5.124. The induced activity produced by neutrons in certain materials can . 


be used to determine neutron flux (§ 5.102), but the method has not found much 
application in reactor control for two reasons. First, the information is gener- 
ally not continuous, and, second, it is not available promptly. There is a pos- 
sibility of using the material to be activated in the form of an endless belt or 
wire which can be circulated continuously through the reactor. The idea has 
not been applied because of the large time lags, but it has the merit of complete 
discrimination against gamma radiation. \ 

5.125. A scheme involving essentially the same principle, however, has been 
employed in reactors using water as coolant. The water flowing through the 
reactor becomes activated as a result of the (n, p) reaction of the fast neutrons 
with the O" in the water (§ 2.96). The product, N'*, decays with a half life of 
7 sec, emitting a high-energy (~6 Mev) gamma ray in the process. An ioniza« 
tion chamber is then used to detect the gamma radiation of the effluent water, 
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Since the water is thoroughly mixed before reaching the detector, the measured 
activity is a good indication of the average (fast) neutron flux and of the over-all 
power level of the reactor. The method cannot be employed over a wide range 
of neutron flux, because of other activities of long life built up in impurities in 
the water, but it can be used, like the boron thermopiles, to initiate corrective 
safety action. 

5.126. Although the various devices already described, e.g., fission chambers, 
proportional counters, compensated ion chambers, boron thermopiles, etc., can 
be calibrated to indicate power level, such calibration must depend on direct 
determination of reactor power from measurements of rate of flow of coolant 
and of the rise in temperature. More or less conventional instruments can be 
used for the indication of both these quantities, and the power output is then 
given by their product. 

5.127. Instead of actually performing the multiplication of coolant flow and 
temperature rise, it is a simple matter to design a device for indicating this 
product directly in watts (or kilowatts). In the bridge circuit represented in 





Fic. 5.24. Bridge circuit for direct determination of reactor power 


lig. 5.24, the resistances 7' and F are proportional, respectively, to the tempera- 
ture rise and to the flow rate of the coolant. If R is a fixed resistor, and the 
bridge is kept balanced automatically by adjustment of the resistance 2, it can 
be readily shown that the balance condition is 


TF 

ry 

‘The value of the resistance x is then a direct measure of the power level, since 
the latter is proportional to the product 7’. A meter based on this principle 
should not be used in the automatic control system, because of its slow response 
lo changes in the fission rate, but it can be included in safety circuits. 
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Sympots Usep IN CHAPTER V 


atomic weight 

activity (disintegrations (or particles) /sec) 
activity at time ¢ after removal from neutron flux 
saturation activity (for given flux) 
constant 

capacitance 

voltage (across capacitor) 

base of natural logarithms 

flow rate 

current (also at time 2) 

current at time ¢ = 0 

current reading (on meter) 

constant 

number of pulses/sec (or counting rate) 
Avogadro number 

neutron density 

number of events 

average of large number of measurements 
probability of n events being recorded 
charge on capacitor 

resistance 

standard deviation 

temperature rise 

reactor period (stable) 

time of exposure to neutrons 

time 

time after removal from neutron flux 
volume of material exposed to neutrons 
voltmeter reading 

voltage (also at time #) 

voltage at time t = 0 

weight of foil 

radioactive decay constant 

effective decay constant (A + o¢) 
density 

macroscopic (capture) cross section 
capture cross section of exposed material 
capture cross section of (n, y) product 
neutron flux 
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PROBLEMS 


1. It is desired to use a parallel circular-plate (boron-10 coated) ionization chamber 
to control the operating power of a graphite-reflected, cubic reactor having an average 
thermal flux of 10% neutrons/(cm?)(sec). Roughly at what distance from the reactor 
core face might the instrument be located? 

2. An indium foil, weighing 0.050 gram, was exposed to thermal neutrons for exactly 
1 hr; the beta activity 2 hr later was found to be 2.42 X 10° particles emitted per sec. 
Determine the value of the neutron flux. (The atomic weight of indium may be taken 
as 115 and the capture cross section for thermal neutrons as 190 barns; the half life of 
indium-116, the (n, y) product, is 54 min.) 

3. What would have been the observed activity 3 hr after removal from the neutron 
flux if the foil had been exposed until the saturation activity had been virtually attained? 
About what exposure time would be necessary to achieve this, allowing for a 1 per cent 
deviation? 

4, Assuming a 5 per cent counting efficiency, due to the “geometry” of the counting 
system, about how long should the couating in Problem 2 be continued if an accuracy 
of 1 per cent is desired? Is there an appreciable decrease in the activity (rate of particle 
emission) during this time? 

5. A nuclear reactor power plant uses water at high pressure and temperature as 
coolant; after leaving the reactor the water is circulated through an external heat ex- 
changer where steam is produced. Make as complete a list as possible of the instruments 
that might be used in the plant and state their purpose in each case. 


Chapter VI * 


CONTROL OF NUCLEAR REACTORS 








GENERAL FEATURES OF REACTOR CONTROL t+ 


Basic PRINCIPLES OF CONTROL 


6.1. Like other devices for the conversion of energy, such as a steam boiler 
or an internal combustion engine, a nuclear reactor must have a suitable control 
system, the purpose of which is to provide smooth and steady operation under 
the circumstances for which the device was designed. Methods must be avail- 
able for starting the reactor, for bringing the power output to the desired level, 
to maintain it at that level, and then to shut down the reactor when necessary. 
In addition, as with other energy converters, safety devices must be provided to 
prevent damage in case of an accident. The control (or operation) of a nuclear 
reactor is thus the same, in principle, as the operation of other means for making 
energy available from a fuel, such as coal or oil. The situation may be sum- 
marized by stating that the subject of reactor control concerns the devices and 
methods needed to permit operation of the reactor and to provide adequate 
safeguards in the event of an emergency. 

6.2. An important difference between the control of a reactor and the control 
of other energy converters arises from the nature of the fuel. With but few 


exceptions, in the nuclear reactors which have so far been constructed or de- ° 


signed, the fuel supply, namely, the fissionable material, cannot be continuously 
replaced as it is consumed. It is consequently necessary that such a reactor 


have included in its construction all the fuel that is likely to be required for the - 


production of a predetermined quantity of energy. In the case of mobile re- 
actors, such as for use on shipboard or for propulsion of an aircraft, this may be 
quite considerable, since sufficient fuel should be included to permit continuous 
operation over extended periods. 


* Material contributed by S. Glasstone, W. H. Jordan, and J. D. Trimmer. 

Reviewed by T. E. Cole. 

} For general reviews, see L. A. Ohlinger, Nucleonics, 6, No. 1, 10 (1950); J. M. Harrer, 
ibid., 6, No. 3, 58 (1950); J. D. Trimmer, and W. H. Jordan, ibid., 9, No. 4, 60 (1951); M. A. 
Schultz, Elec. Eng., 72, 505 (1958); R. V. Moore, Proc. Inst. Elec, Hng. (Lond.), 100, Part 1, 
90 (1953). 
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6.3. A nuclear reactor cannot be used to release energy continuously unless 
it always exceeds the critical size for the particular fuel, shape, etc. For this 
reason a power reactor must include excess fuel, and so it must obviously have 
latent reactivity to an appreciable extent at the time it commences operation. 
In addition, other factors, such as the need to override the effect of fission prod- 
uct poisons and of temperature (see Chapter IV), require that additional reac- 
tivity be built into the reactor. Because of the high reactivity, the neutron flux 
(or density) and, hence, the fission rate and the power are capable of an extremely 
rapid, and dangerous, increase in a very short time. An essential aspect of re- 
actor control thus lies in the precautions to be taken to prevent an excessive 
rate of increase in neutron flux when the power level is being raised. 

6.4. Since the power level of a reactor is virtually proportional to the neutron 
flux, the obvious basis for reactor control is to vary the effective multiplication 
or reactivity (§ 4.17). If the effective multiplication factor is greater than unity, 
the reactor is supercritical, and the power level will increase continuously. Upon 
decreasing the factor to unity, so that the reactor is just critical, the power output 
will remain constant (apart from transient changes) at the level attained at that 
time. Finally, by making the reactor subcritical, that is, by reducing the effec- 
tive multiplication factor below unity, the power level will be decreased. 


MerHops oF CoNTROL 


6.5. There are four general methods which can be used to vary the effective 
multiplication factor (or reactivity); they involve addition or removal of (1) fuel, 
(2) moderator, (8) reflector, or (4) a neutron absorber. Each one of these meth- 
ods, or a combination of them, has been used or proposed for the control of nu- 
clear reactors already in existence or under construction. 

6.6. The control procedure which has hitherto been widely employed, because 
of its simplicity and convenience, is the insertion or withdrawal of a material, 
such as boron or cadmium, which has a large capture cross section for thermal 
neutrons. Rods or strips of boron steel (or boron carbide) or cadmium in some 
form constitute a very effective means of reactor control. It was used exclu- 
sively in the original Chicago “pile’’ (CP-1) and in its reconstruction (CP-2), 
and is employed in the Oak Ridge (X-10) reactor and others. The control rods 
may be within the core of the reactor, as in the instances just mentioned, or they 
may be located in the reflector, as in the earliest (LOPO) form of the Los Alamos 
homogeneous reactor (Water Boiler). 

6.7. The chief disadvantage of control by a strong absorber is the resulting 
loss of neutrons. This is not serious in systems having small excess reactivity 
and which have a low power output, for during operation the control rods are 
almost entirely withdrawn. However, such would not be the case for reactors 
having considerable built-in reactivity to take care of fuel depletion, fission prod- 
uct poisoning, ete., and which have high neutron fluxes. An improvement in 
neutron economy can be achieved by combining motion of the core material, 
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i.e., fuel and moderator, with that of an absorber. The lower portion of a coarse- 
control rod may be constructed of the same material as the reactor core, whereas 
the upper portion contains cadmium. When such a rod is lowered, so that the 
neutron absorber is inserted, some of the core is removed at the same time, 
thereby bringing about a further decrease of reactivity. 

6.8. Instead of using a wasteful absorber, such as cadmium or boron, there is a 
possibility that the control rods could be made of an absorber, such as uranium- 
238 (or natural uranium) or thorium, which would produce a fissionable material 
— plutonium-239 or uranium-2338, respectively — as the result of neutron cap- 
ture and subsequent beta decay (§ 1.59, et seqg.). Alternatively, the absorption 
of neutrons by the control rod could be used for the production of certain desired 
isotopes. It is to be expected that, ultimately, control by absorption in non- 
productive nuclei will be eliminated. 

6.9. In a fast-neutron reactor control by means of a neutron absorber is not 
generally satisfactory because of the low capture cross sections for neutrons of 
high energy. The reactivity can, however, be changed by removal of fuel ma- 
terial from (or by addition to) the core or by movement of the reflector. In the 
Los Alamos fast reactor (‘‘Clementine’’), now dismantled, control was achieved 
by means of rods of natural uranium metal which were normally part of the re- 
flector. It should be noted that, when fuel or reflector is used for control pur- 
poses, its direction of motion will be opposite to that of an absorber. In order 
to decrease the reactivity, fuel or reflector must be removed, whereas an absorber, 
on the other hand, must be inserted. This suggests the possibility of control 
by combining insertion of an absorber with removal of part of the reflector in 
a manner similar to that described for the core in § 6.7. 

6.10. Another method of control is available when the moderator is a liquid. 
In the Canadian (NRX) high-flux reactor, for example, a certain degree of coarse 
control is achieved by altering the level of the heavy water used as moderator. 


Source ContTROL 


6.11. Although it is at present of relatively minor importance in reactor con-— 


trol — except in certain experimental work and other cases — brief mention will 
be made, for the sake of completeness, of the possibility of reactor control by 
variations in source strength. In a subcritical reactor, where the neutron level 
is not very much greater than that provided by the source, control by changing 
the latter is feasible, provided the subcritical multiplication is not large. To 
obtain large multiplication, however, the reactor would have to be so near criti- 
cality that a reactivity control, e.g., a control rod, would also be needed. ‘To 
control by a source alone, it would be necessary either to have a very strong 
source or else to operate at a relatively low power level. Source control should 
be quite good in speed, smoothness, and fineness. A modulated-strength, fixed- 
position source inside a reactor would also be ideal from the standpoint of neutron 
economy. 
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Tue Operator, AUTOMATIC AND Loap Loops 


6.12. In order to understand some of the over-all features of reactor control, 
it is of interest to consider a simple form of nuclear reactor with extremely small 
reactivity, such as CP-1 or CP-2, operating at essentially zero power, and thus 
requiring no coolant. Provided an instrument is available to indicate the neu- 
tron flux, such a reactor could be controlled entirely by manual operation. In 
general, however, an appreciable expenditure of power is required to move the 
control rods, and the human operator can be aided in this respect by suitable 
motors. 

6.13. Although operator control is feasible in certain instances, it is not always 
possible; neither is it advisable to rely entirely on human operation. Emergency 
safety action, for example, should be made automatic. Thus, if an instrument 
indicates that the neutron flux is rising at a dangerously rapid rate, or if the 
power level is appreciably higher than that for which the reactor was designed, 
an operator may not be able to act quickly enough to decrease the reactivity. 
in time to avoid an accident. In circumstances such as these, control rods should 
be moved automatically to rectify the situation. Ideally, too, it would be ad- 
vantageous if automatic devices were available for raising the power output of 
the reactor to the required level and for maintaining it there. As will be seen 
later, this aim has been achieved to a considerable extent. 

6.14. A block diagram depicting some of the general aspects of reactor control 
is given in Fig. 6.1. Arrowheads indicate the direction of flow of information, 
signal, or effect; broken lines imply flow of information, while solid lines repre- 
sent power. Following the lines representing the “operator loop,” it is seen that 
the reactor affects certain instruments which pass information to the operator. 
The latter receives the information and, in turn, exerts appropriate action on, 
or conveys a signal to, the control block. It is then the function of the control 
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Tia. 6.1, General block diagram of reactor control system 
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block to exert the desired control action on the reactor, usually with the 
expenditure of power from an external source. In the “automatic loop” the in- 
formation received from the reactor by the instruments is fed directly into the 
control block, the operator being by-passed. 

6.15. A third loop, shown in Fig. 6.1 as the “load loop,”’ is intended to repre- 
sent the interaction of the nuclear aspects of the reactor, i.e., the fuel, moderator, 
and reflector, with the external conditions, or non-nuclear aspects. Among the 
latter may be included the status of equipment, such as a power plant, designed 
to be closely associated with the reactor, and of process facilities, such as water, 
air, and electricity, that may be essential to its operation. The external condi- 
tions may be regarded as constituting, in a general sense, the “load’’ on the re- 
actor. The closed cycle in the block diagram implies that the load can affect 
the reactor, which in turn influences the load. The changes in the external con- 
ditions are indicated on suitable instruments, and information is fed back to the 
control block via operator and automatic loops, so that any necessary action may 
be taken. 

6.16. An important aspect of the load loop is found in the interaction of the 
reactor and its cooling system. The heat released inside a reactor goes partly 
into heating the reactor itself and partly into the thermal load. In an equilib- 
rium condition, all the heat goes to the load. Depending on the power level 
and, especially, on the power density of the reactor, the thermal load is a more 
or less elaborate cooling system designed to permit rapid transfer of heat from 
reactor to coolant. The coolant flow may be open-ended, as the flow of a gas into 
the atmosphere, e.g., in the X-10 and Brookhaven reactors, or of water into a 
river, e.g., the Hanford reactors; or it may be a closed circulating flow of liquid, 
e.g., when heavy water, liquid metal, or pressurized water is the coolant, or of 
a gas, e.g., nitrogen under pressure in the French reactor at Saclay. In any case, 
the heat exchange between coolant and reactor is an element of the control prob- 
lem, as was indicated earlier. 


6.17. In addition to the three closed loops described above, it will be observed . 


that Fig. 6.1 includes a block labeled “‘noise or disturbance.’’ These two terms 
as used here are essentially synonymous; the only reason for giving both is be- 
cause of their more limited customary implications. ‘‘Noise’’ has been widely 
used beyond its acoustical meaning to signify relatively fine-grained, high- 
frequency, random fluctuations in any physical quantity. The term “disturb- 
ance,” on the other hand, usually implies relatively gross, unexpected, or 
undesired effects. The label “noise or disturbance” is thus intended to include 
all undesirable effects on the reactor. As indicated on the block diagram, one 
method of counteracting some kinds of noise or disturbance is to use instruments 
to detect them as soon as possible and to initiate corrective control action. 

6.18. Although the operator, automatic, and load loops have been shown as 
closed, they are actually open to some extent. For example, the operator brings 
into the control pattern a factor not shown on the block diagram: this is his cons 
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cept of how the reactor should be operated., Depending on how the total re- 
sponsibility is divided between the automatic loop and the operator loop, the 
operator is more or less free to put his concept into practice. In any case, the 
operator’s concept, together with the concepts built into the automatic loop by 
the designer, determine the over-all performance of the total control system. 
It is clear, therefore, that the system is not altogether closed or isolated, since 
information, in the form of instructions or criteria of performance, enters from 
outside. 

6.19. Information also leaves the system in various ways. For example, the 
instruments may furnish information about the reactor or the load to persons 
or places other than the operator or the control block. This aspect of the sub- 
ject, however, has no immediate bearing on the control of a reactor and so it 
will not be considered here. In the same category is the information obtained 
from health physics instruments used for the monitoring of maintenance and 
other operations connected with the reactor. 

6.20. The reactor system is also open with regard to energy; this leaves the 
system mainly via the load. In several isotope-producing and experimental 
reactors most of the energy is carried off by the coolant, such as air or water, 
which flows away. In a power-generating reactor, a part of the energy is de- 
livered to the useful load. There is also energy input, mainly in the form of the 
fuel going into the reactor itself. In addition, as implied by the solid line rep- 
resenting the output of the control block in Fig. 6.1, an external source of power ° 
is required to amplify the weak signals from operator or instruments so as to 
cause effective action in the reactor. There are similar, though less important, 
energy inputs to other blocks in the diagram, e.g., to the instruments. 

6.21. The discussion of the three loops — operator, automatic, and load — 
and their interaction constitutes an essential topic in reactor control. To some 
extent the treatment can be in mathematical terms; to a large degree, however, 
it must be based on experience, either with actual reactors or with reactor ana- 
logues or simulators (§ 4.56, et seg.). In reviewing the individual blocks in Fig. 
6.1, it will be noted that the various aspects of the reactor and of instruments 
have been examined in earlier portions of this book. Although further reference 
to these matters will be made, the discussion in this chapter will center about 
the control block, mainly in terms of the operator loop, the automatic loop, and 
the interactions between them. 


DESIGN OF THE CONTROL SYSTEM 


SPECIFICATION OF THE CONTROL SYSTEM 


6.22. An important factor — perhaps the most important factor — underlying 
the whole treatment of control is the purpose and design of the reactor to be 
controlled, Some typical purposes for which reactors are designed are as follows: 
experimental and teaching purposes, isotope and plutonium production, genera- 
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tion of electric power in a stationary plant, aircraft power plant, or submarine 
power plant, and breeding of fissionable material. A given reactor may, of 
course, serve more than one purpose, but no matter what its function, this must 
motivate control design just as it motivates other features of reactor design. 
The controls for any reactor system cannot be properly designed until the re- 
quired purposes and, therefore, the criteria of performance of the system are 
clearly understood. 

6.23. Although the details of control design will vary from one type of reactor 
to another, there are nevertheless certain general requirements which all control 
systems should meet. In any given reactor the control action should have suf- 
ficient range to cover all contingencies and sufficient delicacy of action to permit 
fine adjustment. It should respond quickly to activating signals, without itself 
creating undue disturbance. The control system should be simple and foolproof 
in action, thus assuring a maximum of reliability. It should be designed so that 
there will be adequate safeguards in the event that any part should fail.* Ide- 
ally, too, it should be as economical as possible of neutrons. 

6.24. Specification of a complete control system can thus be discussed in terms 
of three main requirements: range, accuracy, and efficiency. Range is concerned 
with the total amount of reactivity which must be at the command of the sys- 
tem; this obviously affects both operation and safety. Accuracy of operation 
control refers to the closeness with which the actual behavior of the reactor 
responds to the wishes of the operator or to the formula of the control system. 
In safety action, the term “accuracy’’ may be used to imply the promptness with 
which safety action follows upon the need for such action. Reliability may be 
considered as an aspect of accuracy. LH fficiency is an over-all, combined measure 
of neutron economy, power economy, and economy of operation. Qualitatively, 
it may be said that an efficient control system works unobtrusively, using this 
word in its widest sense. 


Types oF Conrrot Ropst 


6.25. Before considering these specifications in further detail, it may be noted 


that to achieve both range and accuracy might prove difficult if a single type of 
control rod were used. Consequently most reactors have rods with different 
functions or serving different purposes. There are, first, the so-called shim rods 
for coarse control. They are used to bring the reactor approximately to the 
desired power level when the system is started up. The shim rods must, there- 
fore, have a fairly large reactivity equivalent, the actual amount depending on 
the particular reactor as will be seen later. Because the rate of increase of re- 


*The dictum that component parts should be designed to “‘fail safe” applies not merely to 
controls, but to all aspects of reactor design, in so far as possible. 

+ The term “control rod,” as employed here and subsequently, applies quite generally to 
either fuel, moderator, reflector, or absorber, the movement of which is accompanied by a 
change in the reactivity of the reactor, 
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activity must be closely regulated, the driving mechanism must be such that 
the shim rods cannot move at high speed during start-up. 

6.26. When the desired power level of the reactor is approached, the shim rods 
are returned to such a position as to make the reactivity very small, that is to 
say, the effective multiplication factor is reduced almost to unity. The task of 
bringing the reactor up to the operating level and of maintaining the power 
essentially constant by counteracting the effects of rapid, transient changes, then 
passes to the regulating rods. The reactivity equivalent of these rods may be 
quite small, but in general they should be capable of moving rapidly so as to 
provide quick response to changes affecting the reactor. By keeping the re- 
activity equivalent small and, in some reactors, by limiting the distance over 
which they can move, the regulating rods are unable to produce any dangerous 
increase of reactivity. 

6.27. As a general rule, the reactivity equivalent of a regulating rod should 
not exceed the fraction of delayed neutrons, e.g., 0.0075 (or 0.75 per cent) when 
uranium-235 is the fissionable material. Then, if the reactor is critical, complete 
withdrawal of the regulating rod, due to operator error or to failure of the auto- 
matic control system, would not permit the system to become prompt critical 
(§ 4.46). 

6.28. If a high-flux reactor operates continuously at constant power, a gradual 
withdrawal of the regulating rod is necessary to compensate for the decrease in 
reactivity due to fuel depletion, accumulation of poisons, etc. When the rod 
reaches the end of its range, it must be reinserted into the reactor while a shim 
rod is withdrawn to an equivalent extent. Therefore in some reactors the shim 
rods and regulating rods are interlocked. An alternative to this procedure is 
to make use of the idea of shim control by suitable distribution of a ‘“burnable”’ 
poison throughout the reactor core. If the consumption of the poison, due to 
neutron capture, occurs at a rate which largely compensates for the fuel deple- 
tion, the gradual withdrawal of the regulating (or shim) rods can be almost 
entirely avoided. 

6.29. Finally, there are the safety rods, the purpose of which is to shut down 
the reactor quickly in the event of an emergency; this is generally referred to as 
“scram.” Safety rods must, obviously, be capable of moving very rapidly, and 
their reactivity equivalent must be appreciably greater than the maximum ex- 
cess of reactivity built into the reactor. In some reactors the same rods are used 
as shim rods and safety rods. While both types have high reactivity equiva- 
lents, it has been seen that the former must move slowly while the latter must 
move rapidly. These apparently contradictory requirements can be met by 
attaching the rods to the drive mechanism by means of magnetic clutches. 
When the clutches are energized the rods act as shim rods and can move only 
at a predetermined slow rate. In the event of an emergency, however, the 
clutches are de-energized and the rods fall rapidly, under the influence of gravity 
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(and sometimes of the pressure of the cooling water), to fulfill their safety func- 
tion. 

6.30. In addition to the control rods described above, most reactors, especially 
those of large dimensions, have what is called a “back-up” safety device. This 
is intended for use in an extreme emergency, such as an earthquake, when dis- 
tortion of the reactor system would prevent normal motion of the safety rods. 
In the Oak Ridge X-10 reactor, the back-up safety consists of boron-steel shot 
which, in the event of an emergency, can be run into holes in the reactor. The 
Brookhaven reactor has a liquid neutron absorber, trichlorobenzene, in addition 
to shot, for the same purpose. Homogeneous reactors using a liquid medium, 
e.g., one form of the Water Boiler, can be fitted with “dump” valves so that 
fuel solution can be rapidly removed from the core into vessels having noncritical 
geometry. 


RANGE oF ContTRoL SysTEM 


6.31. The range requirements or, in other words, the total reactivity equiva- 
lence of various means of control, especially safety rods and back-up safety de- 
vices, are fixed almost entirely by design and operating criteria of the reactor. 
Important factors in establishing reactivity needs are temperature coefficient 
effects, degree of fuel depletion to be allowed, cumulative fission product (and 
other) poisoning, isotope production, experiments, etc. These may demand a 
total of 1 or 2 per cent of additional reactivity (or Ak/k) for a reactor of low 
power, or they may need as much as 20 per cent or more for reactors of high flux 
and high specific power. 


TEMPERATURE EFFECT 


6.32. Since reactors inherently have (or are designed to have) negative tem- 
perature coefficients, the reactivity decreases when the temperature rises, as it 
inevitably will when the reactor operates at appreciable power. A reactor which 
is just critical when cold will thus become subcritical when the temperature. 
increases. A certain amount of excess reactivity, i.e., additional fuel, must 
therefore be included in the reactor to overcome the negative effect of tempera- 
ture during operation. In reactors of the Swimming Pool type, for example, 
in which enriched uranium is the fuel and water is both moderator and coolant, 
the temperature coefficient of reactivity is about —7.5 X 10-5 per °F. When 
operating at a power of 100 kw the maximum temperature rise is 50°F, and so 
the reactivity allowance for temperature changes is (7.5 X 10-5)(50) = 0.00375. 
For a reactor of higher power the temperature increase may be greater; if so, a 
larger temperature allowance will be necessary (see Table 6.1). 


Furi DeEpierion 


6.33. In order to avoid the necessity for shutting down the reactor at frequent 
intervals to replace the fuel that has been consumed, additional fuel, over and 
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above the essential requirements, is included at the time of initial start-up. 
In the Swimming Pool reactor this has a reactivity equivalent of 0.0015 and is 
sufficient for the fuel burnt up in 2400 hr of operation at a power of 100 kw. 
In a reactor having natural (or partially enriched) uranium as fuel there will be 
a certain amount of conversion of uranium-238 into fissionable plutonium-239; 
the allowance for fuel depletion, for a given energy output, will then be less than 
in a reactor using highly enriched material. 


Fission Propuct PoIsonine 


6.34. The most important fission product poisons are xenon-135 and sama- 
rium-149, and the excess reactivity required to override the effects of these 
isotopes can be estimated from the equations given in § 4.95, et seg. Assuming 
an average flux of 6 X 10" neutrons/(cm?)(sec) for the Swimming Pool reactor at 
100 kw, the xenon poisoning at equilibrium, calculated from equation (4.104.1), 
is about 0.0045. As seen in § 4.99, this is approximately equal to the correspond- 
ing decrease in reactivity and so an excess reactivity of 0.0045 must be included 
to overcome the xenon poisoning during operation. Because of the relatively 
low thermal neutron flux the increase in xenon concentration after shut-down is 
negligible and so requires no reactivity allowance. 

6.35. The equilibrium value of samarium poisoning during reactor operation 
is 0.012 independent of the neutron flux (§ 4.115). However, at a flux of 6 X 10" 
neutrons/(cm2)(sec) it would require over four years for the equilibrium con- 
centration of samarium to be attained. The poisoning during 2400 hours of 
operation may thus be ignored. 

6.36. Other fission products also cause some poisoning but the corresponding 
excess reactivity requirement is small. An approximate estimate can be made 
from the known yields of the fission products and their absorption cross sections, 
and this is usually included with the reactivity allowance for fuel depletion. 


IsotopE PropuctTion, EXPERIMENTS, ETC. 


6.37. The reactivity requirements considered above are applicable to all re- 
actors. In many cases, however, further allowance is necessary for neutron ab- 
sorption resulting from the introduction of extraneous materials for isotope pro- 
duction, experiments, etc. Allowance for the neutron losses thus incurred must 
be made by including additional reactivity, the amount depending on the purpose 
for which the reactor is intended. 

6.38. In order that the reactor may be raised to full power from shut-down 
in a reasonable time, e.g., about 10 min, it is necessary that some excess reac- 
tivity, roughly 0.008, should always be available. A reactor designed for low- 
power operation will not have much excess reactivity and so it is desirable to 
add this operational requirement. In a high-power reactor there is so much 
excess reactivity built into the system that no special additional allowance need 
be made, 
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6.39. The reactivity specifications of two thermal reactors using highly en- 
riched fuel, one operating at low power (100 kw) and the other at high power 
(30,000 kw) are summarized in Table 6.1.* It will be noted that in the high- 


TABLE 6.1. REACTIVITY SPECIFICATIONS FOR CONTROL DESIGN 








Reactivity (or Ak/k) Requirements 
Low-power Reactor High-power Reactor 


Temperature 0.00375 0.008 
Fuel depletion 0.0015 0.035 
Xenon and samarium poisoning 
Equilibrium 0.0045 0.050 
Shut-down override — 0.048 
Other effects (isotope production, etc.) 0.02 0.02 
Operation 0.003 — 
Total 0.033 0.161 


power reactor 0.048 of reactivity is included to allow for override of fission 
product poisoning after shut-down. This is sufficient to permit the reactor to 
be started up within about 30 min after shut-down (see Fig. 4.12). Of course, 
as long as some of the fuel depletion allowance remains, this will also serve to 
override the poisoning, so that start-up will be possible even after a somewhat 
longer period of shut-down. ll 
6.40. The total reactivity requirements given in Table 6.1 represent the mini- 
mum fuel loadings, but in practice the reactor is designed to permit a larger 
amount of fuel to be included in the core in order to provide for unforeseen or 
special circumstances. For example, it may be found possible to operate the 
low-power reactor at 1000 kw instead of 100 kw, and this will require additional 
fuel because of the increased rate of burn-up, and larger allowances for tempera- 
ture and fission product poisoning. The maximum fuel loading of the reactor 


may thus be 50 per cent more than the amount corresponding to the reactivity 


requirements in Table 6.1. 
6.41. In the design of the control system for a reactor allowance must be made 


for the possibility that it may have the maximum fuel loading; in addition the 
control rods should include a margin, generally about 50 per cent, for control 
flexibility and to act as a safety factor. Thus, the reactivity (or Ak/k) range 
which must be covered by the safety rods is at least 0.08 for the low-power 
reactor and about 0.4 for the one of high power. The actual number of rods 
used will depend on the power and size of the reactor, but a reactivity equivalent 
of 0.05 is common for a single safety rod. The low-power reactor will then re= 
quire two such rods whereas the high-power reactor considered above will need 


eight rods. 
6.42. The reactivity range of the shim rods is also determined largely by the 


“Of. T. B, Cole, Nucleonics, 11, No, 2, 32 (1958), 
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reactor design; this is especially true, of course, when the same rods are used 
for coarse control and for safety purposes. Regulating rod range, on the other 
hand, is left largely to the control designer, since its function is to permit fine 
operating control. For the reason given in § 6.27 the reactivity equivalent of a 
regulating rod is kept below 0.0075, a common value being 0.005. As a general 
rule only one regulating rod of this reactivity would be used, although another 
might be available as a stand-by. 


EFFECTIVENESS OF ContRoL Rops 


6.43. For the purpose of control rod design, it would be desirable to know in 
advance the effect on the reactivity of a particular control material placed in a 
specified position in the reactor. Although the theoretical calculation of the 
reactivity equivalent of a control rod is a difficult 
problem, it has been solved in a number of special 
cases.* Most of the expressions obtained are too 
involved to be given here, and reference will be made 
only to the simple case of a cylindrical reactor (radius 
R) with a concentric cylindrical absorbing rod (radius 
Ro), as shown in Fig. 6.2. By making the calcula- 
tions on the basis of a single group of (slow) neu- 
trons (§ 3.201, e¢ seg.), and applying a correction 
factor to allow for the fast neutrons, the change Ak 
in the multiplication factor resulting from the com- 
plete insertion of a control rod of radius Ro in a re- 
actor of radius & is found to be given approximately 
by 





ee | 


3 log — 76. 
2.3 log ps —0. a (6.43.1) 


Fig. 6.2. Cylindrical re- 
actor with central control 
rod 


where L is the diffusion length of slow neutrons in 
the reactor and d is the linear extrapolation distance 
at the surface of the rod (§ 3.24). The material of the rod is assumed to be a 
perfect (“black’’) absorber for slow neutrons. 

6.44. Consider a water-moderated, cylindrical reactor of radius 25 cm, with 
a concentric control rod of radius 3.0 cm. The diffusion length of thermal neu- 
trons in the reactor is about 2.0 em and the diffusion coefficient is 0.18 em, so that 
the transport mean free path (\,) is roughly 0.54 cm. Since the radius of the 
rod is moderately small, the linear extrapolation distance may be taken as ap- 
proximately equal to \, so that d is 0.5 em. Upon substituting these values 
into equation (6.43.1) it is found that insertion of the rod would change the 
multiplication factor by about 0.03, i.e., Ak/k is roughly 3 per cent. Although 


* Soo, for example, 8, Glasatone and M, ©, Wdlund, “Elements of Nuclear Reactor Theory,” 
D, Van Nostrand Co, Ine,, 1962, Chapter XI, 
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this result is by no means exact, it does give the order of magnitude to be ex- 
pected. 

6.45. Since the neutron flux is a maximum along the central axis of a cylin- 
drical reactor, a concentric rod will exert the maximum effect in reducing the re- 
activity. The same rod located eccentrically in the reactor will be less effective. 
Calculations indicate that its effectiveness at any point is approximately pro- 
portional to the square of the thermal-neutron flux at that point. Assuming a 
cosine (or similar) distribution of the flux (§ 3.117), it would appear that a verti- 
cal rod located halfway along the radius of the cylindrical, bare reactor would 
be about half as effective as the same rod at the center. Fora reflected reactor, 
the ratio would be somewhat larger, because of the higher neutron flux away 
from the center. 


Location or Contrrot Rops 


6.46. In general, a reactor will have several control rods, and it should be noted 
in this connection that the over-all effectiveness of two or more rods is not nec- 
essarily equal to the sum of the values for the individual rods. The total effect 
is a function of-the spacing between the rods, as well as of their location in the 


EDGE OF CONTROL ROD 


WITH NO CONTROL ROD 


EDGE OF 
REACTOR 





0 Ro R 


rs 


Fig. 6.3. Effect of control rod on neutron flux distribution 


reactor. With increasing separation the total effectiveness first increases, passes 
through a maximum, and then decreases. The explanation of this behavior is 
that the introduction of a control rod into a reactor distorts the flux distribution; 
this is shown qualitatively in Fig, 6.3. for a cylindrical bare reactor with a central 
control rod. It is seen that near the rod the flux is greatly decreased, but at 
some distance away the proportionate decrease is much less, If a second rod 
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is inserted at a point where the flux is highest, it will be much more effective than 
if placed either closer to or further from the first rod. 

6.47. In deciding upon the location of the control rods in a reactor, the im- 
portant point to bear in mind is the desirability of maintaining a fairly uniform 
neutron flux distribution, and hence of energy release, in order to maximize 
the power output (see Chapter XI). For this reason, control rods — especially 
shim rods, since their reactivity equivalent is large — should be located sym- 
metrically. Further, they should be inserted or withdrawn in such a manner 
as to retain, as far as possible, the roughly uniform flux distribution. The loca- 
tion of regulating rods is less important, since they effect the reactivity, and 
hence the flux, to a relatively small extent. 

6.48. If a thermal reactor has a good reflector, e.g., of beryllium, the neutron 
flux in the reflector near the core is high. Consequently good control is possible 
by means of absorbing rods, containing cadmium or boron, located in the re- 
flector. In the Materials Testing Reactor (MTR), for example, the regulating 
rods are situated within the beryllium reflector. It is of interest to note in this 
connection that when the Los Alamos Water Boiler was redesigned and the beryl- 
lium reflector was replaced by one of graphite, the regulating rods, which had 
previously been in the reflector, were transferred to re-entrant thimbles in the 
core vessel. The reason for this change is that graphite is a less efficient reflector 
than beryllium; the thermal-neutron flux in the former is thus relatively smaller 
and control by an absorber in the reflector is then not so effective. 


CALIBRATION OF ConTROL Rops* 


6.49. Although a rough idea of the reactivity equivalent of a control rod may 
be obtained by calculation, as indicated above, the values must be checked by 
direct measurement. In any event, in addition to knowing the total effective- 
ness of the rod when fully inserted, it is necessary to calibrate it, so that its re- 
activity equivalent is known for various degrees of insertion. The required data 
can be obtained only by direct measurement on the reactor itself or, preferably, 
on a low-power mock up or critical assembly. 

6.50. One method used is the following.t The rod to be calibrated is com- 
pletely withdrawn, and the experimental assembly is made slightly supercritical, 
so that the neutron flux is increasing. . The reactor period is then determined 
by observation of the rate of increase, e.g., by means of a period meter. The 
rod is then inserted to a known distance and the stable period is redetermined, 
after allowing sufficient time for the transient behavior to die out (§ 4.19, et seq.). 
This procedure is repeated at several points, until the rod is completely inserted. 

6.51. From equation (4.85.1) and the known delayed-neutron characteristics 


"J.D, Richards, Report AECD-3388. 

+ Another method is based on measurement of the amplitude of the neutron flux oscilla- 
tions accompanying the sudden insertion and withdrawal of the control rod (see A, M, Wein- 
berg and H, ©, Sehweinler, Phys. Rev, 74, 851 (1948); J. 1, Hoover, et al., tbid., 74, 864 (1951)). 
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(Table 4.1), it is possible to express the relationship between the reactivity, p, 
and the stable period, 7’, for a particular value of /, the neutron lifetime in the 
reactor. Thus, if uranium-235 is the fissionable material, 


: 10+ , 5.30 x 10% 0.0138 0.0526 0.0200 
= Tha, Tee 2.20 +T +Ga947t3174+7* 30.0+T 
with T in seconds; the neutron lifetime may be calculated by the method de- 
scribed in § 3.164. Consequently, from a measurement of the reactor period, 
the corresponding reactivity can be found; as a first approximation, kere may be 
taken as unity. If 7 is large, as it usually is in calibration measurements, the 
first term of the equation may be neglected, so that the values of 1 and kest need 
not be known. From the observed reactivities with the control rod in various 
positions, the reactivity equivalent of the rod can be obtained for different 

i ion.* 
eet : ed nature of the results obtained in the calibration of a control 
rod is indicated by Fig. 6.4; the change in reactivity is shown as a function of 
the distance the rod is inserted. The S-shaped curve is quite characteristic for 


CHANGE IN REACTIVITY 


DISTANCE ROD INSERTED 


Fic. 6.4. Change in reactivity as function of insertion of control rod 


reactors of most types. When the rod is inserted toa small extent, it will affect 
the reactivity only slightly. Beyond a certain point, the change in ne 
is linear, that is to say, it is directly proportional to the extent of insertion of ‘ @ 
rod. Finally, when the rod is almost completely inserted, further Seah 4 
relatively little effect. The small changes in reactivity at the beginning and en) 
of the rod insertion can be accounted for by the lower neutron flux near the edges 
of the reactor as compared with that closer to the center. 


* The reactivity can be expressed in terms of the inhour unit, but this is not recommended 
for general use (see § 4.43), 
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Accuracy or Controt SystEM 


6.53. Whereas range is a matter involving only the control rods, accuracy con- 
cerns the whole control system. Accuracy of safety action, in the sense of 
promptness and reliability, must be specified in particular relation to the shortest 
period of which the reactor is considered capable (see § 6.116). The increased 
speed of response must not be obtained, however, at the expense of stability or 
reliability. To meet such a requirement may call for detailed attention to in- 
struments, control block, and rod release and action mechanisms. 

6.54. In this connection, it should be noted that the control system should 
function as rapidly as possible to provide the best protection against the effect 
of transients. In general, the heat capacity or mechanical design of a reactor 
will be such that it can be overloaded to a certain extent for a short length of 
time without suffering damage. In other words, a particular amount of energy 
overload is permissible before some portions of the reactor would be distorted 
or destroyed. This amount of energy then effectively defines the speed of the 
control system necessary to deal with the largest expected transient. If it is 
possible to increase the speed of response of the control system over that required 
by the thermal properties and the mechanical design of the reactor, then addi- 
tional safety will be provided. It should be understood, of course, that stability 
and reliability of components must be maintained. Frequently, however, re- 
lability decreases as the speed of response of the system increases; hence, as in 
other engineering fields, a compromise must be made. 


Erriciency oF ConTroL SysTeM 


6.55. The specification of efficiency is largely independent of reactor design. 
It refers, essentially, to quality of control, indicating the extent to which a con- 
trol system, meeting other, more fundamental, specifications, has been achieved 
at a low cost in wasted neutrons, in power consumption, and in disturbance or 
restraint of operation. It is not surprising that, in the brief history of reactor 
design, effectiveness of the control system has received more attention than effi- 
ciency, at least as far as neutron economy is concerned. Use of boron-steel 
shot, for example, must be rated as inefficient since it is not an easy matter to 
remove the shot from the reactor. Nevertheless, it provides a simple and effec- 
tive back-up safety device. In general, more efficient control methods, in the 
sense referred to above, are to be expected in due course. 

6.56. The problem of avoiding disturbance or restraint of operation, as far as 
possible, has, however, received considerable attention. In this connection four 
general principles have emerged as being basic to control design. These are 
(1) the principle of duality, (2) the fail-safe principle, (3) the sequential prin- 
ciple, and (4) the principle of reliability.* 

6.57. The duality principle requires that essential services should be in du- 


*“T, A. M, Gareia, Report AISCD-3591, 
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plicate. For example, two complete and, if practical, entirely independent 
channels of power feed are desirable, a normal feeder and an alternative to be 
available in the event of an emergency. For each critical control function using 
relays or contactors a duplicate should be included to guard against failure. 

6.58. In the event of a serious power, instrumental, or operator failure the 
control system should act rapidly to shut down the reactor. But this is not 
the only aspect of the fail-safe principle. It is also important that a minor 
failure should not interrupt reactor operation. This result can be partly 
achieved by duplication, as stated above, and also by the use of devices which 
do not give misleading indications when they fail. Attention of the operator 
should be called to equipment failure by a suitable annunciator, e.g., a light, a 
drop indicator, or an alarm, so that the faulty device can be replaced imme- 
diately. 

6.59. The sequential principle in control design means that the various op- 
erations necessary for start-up and for normal or emergency shut-down must 
take place in a specified order. To attain this end a number of interlocks are 
incorporated in the control system. In start-up it should be made impossible, 
for example, to withdraw a shim or regulating rod unless the safety rods have 
been raised, at least partially, so that they can be dropped in an emergency. 
On the other hand, insertion of a shim or regulating rod should be possible at all 
times. Provisions may be available for by-passing the operational sequence if 
necessary, but adequate safeguards must be included to allow for human or other 
error. 

6.60. Finally, failures can be minimized by using the most reliable equipment. 
In some instances, where sufficiently reliable devices are not available commer- 
cially, special pieces of equipment may have to be made. Some engineers prefer 
not to use vacuum tubes where reliability is the prime consideration. Never- 
theless, these tubes have so many advantages that they are widely employed 
in reactor control, with adequate precautions against failure. Another aspect 


of reliability is circuit reliability. This implies, in general, simplicity, but this 


is, unfortunately, not always compatible with safety. The latter requirement, 
which is particularly severe in reactor operation, inevitably introduces some 
complications. 


Basic INFORMATION FOR ConTROL DESIGN 


6.61. In summarizing the foregoing discussion, it may be repeated that com- 
plete design of a control system must be based on information concerning reactor 
design and reactor operation. Some typical items involved are recorded in 
Table 6.2. Several of these are basic to the entire reactor design and are in- 
fluenced by many considerations not relevant to control. It is to be expected 
that, in some details of the items in the table, changes may be made as the over= 
all reactor design, including control design, progresses. Actually it is desirable 
that the control designer should take part in the preliminary design phases of 
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TABLE 6.2. INFORMATION BASIC TO CONTROL DESIGN 


Reactor Design 


Total reactivity needed for temperature, poisoning, fuel depletion, etc. 

Method of control chosen, e.g., motion of absorber, moderator, reflector, or fuel. 
Number and location of control “rods.” 

Transients, e.g., reactivity, thermal. 

Special hazards, e.g., leakage of coolant, disintegration of fuel elements. 


Reactor Operation 


Purpose of reactor, e.g., criteria of good control performance. 
Operating routine, e.g., frequency and duration of shut-downs. 
Maintenance and servicing routine. 


the whole reactor system in order that advantage may be taken of such inherent 
features as make for ease of control. 

6.62. The task of the control designer is to take the basic information, as 
outlined in Table 6.2, and to proceed toward his own objective, namely, to design 
an operator loop and an automatic loop, so coordinated as to give the desired 
quality of operation, with as much safety as is reasonably possible. To achieve 
these ends, it is necessary to design or specify various devices and equipment, 
including instruments, effectors, control computer, and control room, which will 
permit effective and safe operation of the reactor. 


THE INSTRUMENT BLOCK * 


CHOICE OF CONTROL QUANTITIES 


6.63. An important part of the problem of designing the instrumentation sys- 
tem for any reactor is the choice of those particular instrument signals upon 
which control action should be based. The selection will in all cases be governed 
to some extent by the purpose of the reactor under consideration and by the 
relative emphasis laid upon safety and on operating control. However, as in 
other aspects of reactor design, there are certain basic principles of wide ap- 
plicability. 

6.64. It is perhaps appropriate to begin by noting the uses to which the various 
instrument signals may be put. Bearing in mind that attention is here confined 
to instrumentation relevant to operation and control, these uses may be listed 
as follows: 

1. Quantitative indication, e.g., of power or its equivalent, which is the nor- 
mal function of indicating instruments. 

2. Alarm indication, involving a special visual or auditory indication. 

3. Automatic operating control. 

4. Automatic safety action. 


* For general reviews, seo J, M, Harrer, Nucleonics, 11, No. 6, 35 (1953); J. D, Trimmer 
and W, H, Jordan, loe, eit, 
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5. Recording, most of which is not for the immediate purpose of operation or 
control. 

6.65. To the extent that the operator is in control, all information presented 
can conceivably enter into control of the reactor. Practical design must con- 
centrate on giving the operator all the information needed to operate — smoothly 
in the usual situations and effectively in the unusual ones. Some limitations 
on elaboration of instrumentation for operator control are expense and the pos- 
sibility of providing so much information as to be burdensome or confusing. 
In any event, it is desirable that the operator should be bolstered by automatic 
safety devices to take care of accidental or unexpected situations. 

6.66. When the reactor is functioning under automatic control, it is probable 
that one or two instrument signals will be in full control at any given time. It 
is here, therefore, that the choice of a suitable control quantity is especially 
important. It is a reasonable generalization to state that in research or isotope- 
producing reactors, where neutron flux is of direct significance, some measure 
of neutron level is the logical choice. In power reactors, on the other hand, 
where over-all power output is more significant, coolant flow and coolant tem- 
perature may sometimes take precedence. Nevertheless, even in such reactors, 
the neutron flux signal has certain advantages, notably in its high speed of re- 
sponse, which would recommend its inclusion in the control formula. The safety 
system may well involve a suitable combination of power and neutron signals, 
as will be seen in Table 6.4. 


CHoIcE OF ContTROL INSTRUMENTS 


6.67. The indicating instruments in most general use for various aspects of 
reactor control and operation, based on measurements of neutron flux, are listed 
in Table 6.3.* <A simplified block diagram of the instrumentation of a reactor, 


TABLE 6.38. REACTOR INSTRUMENTATION: NEUTRON DETECTORS 


Purpose Detector Indicating Meter 


‘ Power indication Fission (ion) chamber or Counting-rate meter 


(Counter range) BF; proportional counter (logarithmic scale) 
Power indication Compensated ion chamber Log n meter 
(Period range) 

Period indication Compensated ion chamber Period meter 
(Period range) 

Power indication Compensated ion chamber Galvanometer or 
(Power range) Micromicroammeter 


Automatic control Parallel-plate (PCP) chamber (To servomechanism) 
(Operating level) 
Power indication Boron thermopile 
(Operating level) 


“Cf. J. R. Huffman, Nucleonics, 12, No, 4, 21 (1954), 


Voltage indicator 
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which may be taken as fairly typical, is also shown in Fig. 6.5. The safety sys- 
tem is not included, as this will be considered later (§ 6.96, et seq.). The detect- 
ing instruments mentioned and the associated meters have been described in 
Chapter V. The detectors are, of course, placed in the reactor, either in the 
core or in the reflector, and the meters are on a desk or on panels in the control 
room. Some of the electronic equipment, such as the preamplifier, is usually 
near the reactor, and the remainder is at the control center. In addition to the 
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Fie. 6.5. Block diagram of reactor instrumentation for start-up and operation 


instruments mentioned in Table 6.3, others are often used for power determina- 
tion involving measurements of the temperature increase of the coolant and its 
rate of flow (cf. § 5.128). 

6.68. Mention may be made of the important matter of locating the neutron 
detecting devices in the reactor. Apart from considerations of instrument sen- 
sitivity and the effects of radiation on the materials (§ 5.116), the location of a 
detector with respect to a control rod.may have a significant bearing on the 
interpretation of the signal obtained. ‘This is especially the case if the particular 
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instrument signal plays a direct part in controlling the motion of a regulating 
rod. In general, the problem of instrument location, like that of locating the 
control rods (§ 6.46), requires a qualitative understanding, at least, of the way 
in which movement of a rod will affect the local flux distribution. 


Rop Posirion INDICATORS 


6.69. It is important that the operator should know the extent of insertion 
of the various control rods into the reactor at all times. For this purpose rod 
position indicators are employed. A simple form of such a device is indicated 
diagrammatically in Fig. 6.6. When the rod is moved the rotation of the pinion 
wheel, of the rack and pinion system which drives the rod, causes a rotation of 
the attached synchrogenerator. The output of the latter energizes the field of 
a synchromotor located in the control room. This causes an indicator to move 
by an amount corresponding to the motion of the control rod. In order to 
avoid any ambiguity concerning the position of a rod it is the general practice 
to have the synchrogenerator so geared that the indicator makes less than one 
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lic. 6.6. Diagrammatic representation of control-rod position indicator 


revolution for full travel of the rod. For more precise indication, a second 
synchrogenerator making several revolutions may be used or the signal may be 
amplified to energize a motor which drives a synchrocontrol transformer. This 
then moves dials in the control room indicating the position of the rod. 

6.70. Besides the instruments which indicate rod motion and position, there are 
frequently lights on the control desk connected to limit switches. These lights 
come on when a rod reaches the limit of its motion either in or out of the reactor. 
The attention of the operator is thus specifically drawn to a particular condition 
which might require immediate action. 


THE OPERATOR AND CONTROL BLOCKS 


PrRINcIPAL ELEMENTS AND FUNCTIONS 


6.71. In the general block diagram of the control system (Fig. 6.1), the con« 
trol block is shown between the operator and reactor blocks in the operator 
loop, and between the instruments and the reactor in the automatic loop, Tt ia 
the purpose of this section to give consideration to communication among 








6.75] CONTROL OF NUCLEAR REACTORS 339 


instruments, operator, and control blocks, and to the elements and functions of 
the control block itself. 

6.72. The functions of the operator and of the control block are fundamentally 
the same. As stated earlier, the reactor could conceivably be controlled com- 
pletely by the operator, even to the extent of moving the control rods by hand. 
These common functions are: (1) to accept information from instruments, (2) 
to remember information, (3) to reach decisions, and (4) to exert control action. 
For example, an operator might notice a signal from an instrument telling him 
that it would be wise to shut the reactor down. He might feel some doubt, 
however, as to the reliability of this information, and decide to wait. If soon 
thereafter a second, independent instrument signaled the advisability of a shut- 
down, the operator, remembering the first signal, would probably reach a deci- 
sion in favor of action, and would proceed to take that action. An analogous 
sequence of events could occur entirely within the automatic loop. This could 
be designed so that it would initiate shut-down only upon the concurrence, 
within some specified time, of two or more independent instrument signals. 

6.73. In principle, therefore, the operator can do anything the control block 
can do. There are, nevertheless, excellent reasons for having both. For one 
thing, movement of the control rods may be beyond the strength of the operator, 
so that it is necessary to have a motor to do the work. Further, the reaction 
time of the operator sets a limit upon the speed with which he can accept infor- 
mation and take action. Consequently it is advisable to support the operator 
by an automatic safety system which will always be ready for high-speed, posi- 
tive action. 

6.74. Since automatic control appears essential, at least to some extent, it 
may be wondered why an operator is needed. The answer is that an automatic 
system is subject to mechanical failure and it can, in any event, be no better 
than the limited decisions built into it by the designer. Circumstances might 
thus arise in which an on-the-scene operator has information available which 
could not possibly have been predicted by the control designer. It would 
appear, therefore, that in controlling reactors, especially those which are to be 
flexible and capable of being used for a variety of types and conditions of opera- 
tions, the human operator will always have an important and irreplaceable role. 
In fixed-purpose reactors, with rigid operating routines, however, there is scope 
for a fuller degree of automatic control. 


FUNCTION OF THE OPERATOR 


6.75. The human operator is valuable as part of a control system because of 
the flexibility and variety of his responses to different situations. This variety 
makes it difficult to describe his functions completely, but, in general, it may be 
said that the operator’s activities fall into two main groups, namely, routine and 
emergency, Under routine activities would be included all operations to be 
oxpocted for the normal functioning of the reactor, such as start-up, shut-down, 
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change of power level, and operation at fixed level. Emergency operations, 
which might be regarded as operation in face of difficulty, would involve such 
situations as power failure, instrument failure, automatic shut-down action, 
change from one automatic control channel to another, and unintentional loss 
of power level with consequent increase of xenon poisoning. 

6.76. A good control system design should satisfy the following three condi- 
tions which are particularly relevant to the operation: 

(1) In routine operation the role of the operator can be minor and straight- 
forward, with as much of the operation as is permitted by cost and other limita- 
tions being automatic. 

(2) For emergency operation the versatility of the operator is valuable and 
should be given as much scope as is consistent with safety. 

(3) At all phases of operation positive, safe shut-down action should be acces- 
sible both to the operator and to the automatic safety circuit. 

6.77. In a complex reactor, having a large number of instruments and involv- 
ing many interrelated operating restrictions, a device called a procedure panel 
has been found useful, both to the engineer in the preliminary design phases 
and to the individual engaged in reactor operation. It is equipped with a series 
of lights which come on successively as the conditions are satisfied for running 
the motors operating the various control rods. The purpose of the procedure 
panel is to help the operator in checking and remembering the status of the 
reactor, especially during start-up and shut-down. 


TRANSMITTING AND RECEIVING INFORMATION 


6.78. The human operator of a reactor works at a control desk or console 
upon which are mounted indicating instruments and manual switches (see 
§ 6.83). Around the console are grouped other instruments and devices, usually 
mounted on upright panels. A telephone is available whereby the operator 
may receive information and transmit orders. The entire control room set-up 


is designed to put the operator in a position to receive information which may _ 


arrive by way of counters, meters, recorders, annunciators, etc. These devices 
will tell the operator the status of the reactor at all times and warn him of the 
failure of any piece of equipment. 

6.79. As a result of the information received in this manner, the operator can 
formulate decisions and can take action putting the decisions into effect. The 
operator is consequently part of a two-way communication chain. Information 
comes to him from instruments and possibly by telephone, and, after making a 
prompt decision, he passes on information in the form of orders by pushing but- 
tons, turning handles, or speaking into a telephone. Thus control-room design 
is, in part, a problem in communications. ‘ 

6.80. The foregoing remarks, concerning the position of the operator in the 
operator loop, apply in large measure to the position of the control block in the 
automatic loop. ‘The control block, like the operator, receives information from 
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operator and instruments, formulates decision, and puts orders into effect. 
There are, however, two important differences between the situation of the con- 
trol block and that of the operator. First, is the fact that the operator affects 
the reactor through the control block, whereas the latter acts directly on the 
reactor. The control block, therefore, includes motors or, in general, “effectors” 
which do the work of actually moving the control elements in the reactor. The 
second difference is that, in contrast to the operator’s decision, over which the 
control designer cannot exercise authority, the decisions put into effect by 
the control block are determined solely by the control designer. The decisions 
built into the control block are based on data concerning reactor design and 
operating criteria discussed earlier (cf. Table 6.2); in addition, safeguards must 
be included to take care of certain predetermined situations which might be 
hazardous. The means of building the decisions into the block are discussed 
below. 

6.81. The problem of conveying information from instruments to control 
block and operator is not appreciably different for reactor control than for any 
other process control. The laying out and connecting up of the requisite electric, 
hydraulic, pneumatic, or mechanical lines must be done with great care. The 
only feature peculiar to reactor control is the neutron flux or other radiation to 
which the lines may be subjected. Some aspects of this problem, as far as 
neutron-detecting instruments are concerned, have been mentioned in Chap- 
ter V. 

6.82. Design of the control console and other control-room features is also 
much the same for reactor operation as for other processes, such as electric 
power generation and industrial chemical processes. Due consideration must 
be given, however, to the degree of continuing alertness and attention which the 
operator must give to his task. This varies considerably from one reactor to 
another, but in general it is greater in reactor operation than in more conven- 
tional process controls. 


6.83. A good example of the layout of a reactor control room is shown in Fig. . 


6.7, which is a representation of the control console and panels used in operating 
the Brookhaven reactor.* On the console are located the main control switches 
and buttons which permit the operator to start and stop the motors that move 
control rods; to change from one recording instrument to another; to transfer 
from manual to automatic control; to scram the reactor, etc. The most impor- 
tant indicating meters are also on the console; they show the neutron flux (or 
power level) and reactor period during start-up and shut-down and also the 
operating power level. An instrument for indicating the deviation of the actual 
power level from the desired value may be included. Other instruments, 
particularly those showing the positions of the control rods, and coolant and 
fuel element temperatures, are on the panels where they can be seen by the 


* Private communication from M. Fox. 
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operator seated at the controls. Instruments which provide permanent records 
of the operating behavior of the reactor are also located on these panels. 


CoNnTROL EFFECTORS 


6.84. As noted above, the control block must include the motors and other 
effectors capable of actually exerting the control action on the reactor. The 
effectors may take orders from operator signals, from instrument signals, or 
from a combination of both. The type of effector used will depend on the 
particular function it has to fulfill. 

6.85. Consider, for example, the effectors required for moving the various 
kinds of control rods. The most common effectors for shim and regulating rods 
are electric and hydraulic motors. A convenient way in which the motion may 
be accomplished is indicated in Fig. 6.8; this is a feedback, closed loop system 
for altering the position of a control rod.* The switch handle, located on the 
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Fia. 6.8. Block diagram of rod-motion system 


control console, is coupled directly to an induction regulator, and when the 
handle is moved a current is induced in the latter. The output is rectified and 
the voltage produced across a resistor is balanced against the voltage from a 
tachometer generator connected to the motor which drives the control rod 
through a rack and pinion system. The difference between the two voltages is 
applied to the control field of an amplidyne generator, driven at a constant speed 
by an a-c motor. The amplidyne output is then fed directly to the driving 
motor armature. ‘This motor has a fixed field and so the speed is proportional 
to the displacement of the control handle. Thus the rate of motion of the con- 


*T, A.M, Gareia, op, ett, 
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trol rod is also proportional to the latter. The clockwise or anticlockwise rota- 
tion of the control handle determines the direction in which the rod moves. 
6.86. For safety rod motion, which must be rapid and positive, it is the gen- 
eral practice to call on a store of energy, such as gravity or a tank of fluid at high 
(hydrostatic) pressure (Fig. 6.9).* The corresponding effectors, which would 
be released in the event of an emergency, would be a lifting magnet in the 
former case or a valve in the latter case. Since the gravitational store of energy 
is perhaps the most reliable, there is an advantage in having vertical shim rods 
which can also be used as gravity-actuated safety rods (cf. § 6.29). Horizontal 
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Fig. 6.9. Block diagram of safety system using hydrostatic pressure 





operation, as in the Brookhaven reactor, however, puts a more symmetrical 
load on the effectors. Since gravity cannot then be used, the safety rods are 
operated by hydrostatic pressure. For back-up or emergency safety devices, 
such as dropping boron-steel shot, release of a fluid, etc., the effector is either a 
manual or electromechanical relay, catch, or valve. . 

6.87. A problem which has a direct bearing on effector specifications is the 
location with respect to various radiation and pressure shields around a reactor. 
Control rods are located in the core or in the reflector, and so the effectors may 
have to operate under adverse conditions of nuclear radiation, temperature, and 
corrosion; they may also have to operate control elements through a pressure 
seal, e.g., in a pressurized-water system. The presence of seals is particularly 
objectionable for safety rods, because of the danger of sticking. One device for 
introducing control rods (and instruments) to the immediate vicinity of the 
core without going through pressure seals is the use of thimbles welded into the 
containing vessel, as in recent forms of the Water Boiler reactor. 

6.88. In general, effectors may be grouped into three classes; these may be 
described, in brief, as (1) latches, (2) motors, and (3) servomechanisms. As 
already indicated, the typical use of latches, including valves, clutches, ete., is 
in regular and back-up safeties. The term ‘“‘motors”’ is used here to typify any 
effectors needed for coarse regulating action, such as motion of shim rods or 
changing the level of a liquid moderator, which cause a relatively slow rate of 


*T, A. M, Garcia, op. cil. 
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change of reactivity. Servomechanisms refer to the devices which are used for 
automatic movement of regulating rods, -for high-speed, fine control actions. 
Each of these three classes of effectors has been the subject of considerable study, 
apart from their application in reactors. Except for instances in which the 
special conditions mentioned earlier apply, the requirements for reactor control 
are not fundamentally distinctive. It is probable, however, that in the interest 
of automatic operation and relieving strain upon the human operator, reactor 
development will make increasingly strong demands on the design of servo- 
mechanisms. 


INCORPORATION OF DECISIONS INTO THE CoNnTROL BLOCK 


6.89. When the control designer has developed a complete picture of how 
the operator loop and the automatic loop should function, he must decide 
on the actual hardware to go into the control block to permit this functioning. 
The hardware falls into two distinct, but not necessarily separate, categories: 
that which serves to put into effect as control action the decisions of the operator, 
and that representing the decisions built into the controls. The combination 
of these two aspects may be called the ‘control computer.” 

6.90. Automatic control of period and of power level, by means of a servo- 
mechanism, and the various circumstances which lead to automatic safety 
actions are examples of the kind of decisions which must be implemented by 
suitable hardware in the control block. These matters will be considered in 
later sections. Some reference will be made here to the interlock circuits whose 
purpose is to exclude, to a large extent, the possibility of human error and of 
misoperation of the reactor. 

6.91. Unlimited addition of interlocks could, no doubt, provide against all 
foreseeable contingencies, but the control system would then be so complicated 
as to be impractical. Consequently in the design of interlocking circuits the 
controls engineer must strike a balance. While possibilities of serious potential 
hazard must be removed from human control, the system must be flexible 
enough to permit the operator to use his discretion in certain circumstances. 

6.92. Some of the decisions which may be incorporated in the control block 
are given below; brief comments on the bases for these decisions are included, 
although in most cases they are readily apparent. 

(1) At start-up no control rod can be withdrawn until the counting-rate meter 
shows a reading. ‘This insures that the reactor is at least in the counter range 
wnd minimizes the danger that the neutron flux will increase too rapidly without 
the operator being aware of the fact. 

(2) Safety rods cannot be withdrawn at start-up unless the shim rods (if 
independent) and regulating rods are fully inserted. This provision is made in 
an attempt to insure proper sequential action in start-up and to decrease the 
chances of reaching criticality unexpectedly. 

(3) The shim rods (if independent) cannot be moved until the safety rods 
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have been withdrawn to an appreciable extent. If the shim rods also function 
as safety rods (§ 6.29), then this provision applies to the regulating rods. Its 
purpose is to make certain that sufficient safety action is available in the event 
rgency. 

. (4) "When a safety rods can be lowered at two different speeds (see § 6.106) 
fast lowering, i.e., the greater emergency, must always be able to override slow 
lowering, i.e., the lesser emergency. Further, lowering of rods must always 
override raising, ie., a signal requiring a decrease of power must be given 
preference over a signal asking for an increase of power level. ; 

(5) The safety (scram) signal cannot be overridden by any action of the 
operator and it must be impossible to restart the reactor until the condition 
causing the scram has been rectified. nS 

6.93. The hardware used to translate these decisions into practice are chiefly 
relay-contactors and manual switches. The relay-contactor consists of a a 
through which a fixed electrical current is either flowing or is not flowing, an 
of one or more contactors, each of which is correspondingly closed or not closed, 
i.e., closed or open. A switch is similar, except that manual action replaces 
coil action. The design of circuits employing these devices is a well defined 
field of electrical engineering. Since the subject is not peculair to nuclear 
reactors it will not be treated here and the reader is referred to special works 

i ith switching circuits.* 

aeL wi of into to note that a set of contactors constitutes a ‘‘memory.” 
Like any binary device, i.e., one having two, and only two, states, a contactor 
can store one unit of information. Any binary digital computer consists of an 
assembly of binary devices, together with means of inducing transitions in these 
devices from one of the two states to the other. In the interlock circuit system 
the binary device is the contactor, and the transitions are induced by a relay 
coil or manual switch; it is thus a kind of digital computer. iy 

6.95. Not all aspects of control computers, however, are of the digital s 
relay) type; many are of the analogue or continuous type. An example of a 
continuous computer is the input circuit to the servomechanism for the oe 
matic adjustment of reactor period and of the operating power pitt o4 : 
et seg.). Another instance, of an entirely different type, is the so-called ‘‘auc- 
tioneer” circuit used in the safety system (§ 6.111). 


Design or Sarety System t 


6.96. The interlock circuits, which permit particular action in certain cir- 
cumstances only, are, of course, part of the over-all safety system. The present 
section will deal more specifically with those aspects of the system designed to 
take action in emergencies. It should be understood that although the purpose 


*See, for example, W. Keister, A. E. Ritchie, and 8. H. Washburn, “The Design of Switch= 


i ircuits,” D, Van Nostrand Co,, Inc., 1951, 
or Grab 1. Owens and J, H. Piggott, Zlee. Png. 74, 806 (1955). 
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of the safety system is to provide automatic action, the operator must always 
be able to decrease the power of the reactor or to shut it down completely, by 
manual action, in any circumstances. In other words, as regards taking safety 
action, the operator must always be able to override the automatic circuits. 

6.97. The safety system is a fundamental part of the control block concerned 
with both automatic and operator loops. The primary hazards of reactor opera- 
tion, which must be taken into consideration in designing the safety system, are 

(1) excessively high level of neutron flux, (2) excessively short period of flux 
increase, and (3) diminished flow of coolant. Other, secondary, dangers are 
instrument or equipment failure, confusion or mistakes of the operator, acci- 
dents in the assembly, maintenance, or operation of the reactor, and accidents 
in experiments carried out in the reactor. A safety system is best developed 
from a pattern laid down by the three primary hazards, with protection against 
the secondary ones being worked in as far as possible. 

6.98. Although there is no such thing as too much safety, practical considera- 
tions limit the complexities of safety systems. The most important limitation 
arises from the basic conflict of safety and operation, for any operation of a 
reactor, aS of innumerable devices in daily use, involves some hazard. In 
practice, therefore, the safety devices represent a compromise determined largely 
by the purpose for which the reactor is intended. In operating the reactor of a 
mobile power plant, such as on a military aircraft, for example, it may become 
urgently necessary to take certain calculated risks. The introduction of too 
many safety precautions might cause the reactor to be shut down so frequently 
as to make its operation virtually useless. Consequently there must always be 
a balance between safety and continuity of reactor operation. 

6.99. Another limitation in safety design is the cumulative probability of 
trouble or failure in the system as it becomes more and more complicated. This 
leads to the dilemma of either operating with a partially incomplete, ‘and hence 
somewhat uncertain, safety system, or of tolerating loss of operating time 
needed for repair of the system. Finally, mention may be made of the eco- 
nomic aspect of the problem; with safety, as with other commodities, there 
comes a point of diminishing returns. 

6.100. One of the great uncertainties in safety system design is the relative 
confidence to be placed in the operator and in automatic action. As far as 
initiation of safety actions is concerned, the difficulty is resolved by permitting 
both manual and automatic action. There remain, however, such problems as 
what the automatic system can do to compensate for the operator’s mistakes, 
and what the operator can do about equipment failure. A satisfactory solution 
to the latter appears to be to keep ultimate safety actions, i.e., scram and 
back-up, always operative, and to provide “test blocks” which permit certain 
instruments to be isolated from the safety system and be removed for repair or 
replacement, without causing the reactor to be shut down. This would allow 
temporary operation of the reactor without full instrumentation, but never 
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without safety protection. Those channels on which test pines have been 
pulled to permit instrument repair should be brought to the operator’s attention 
Msi ick may be more or less severe, both as to the extent and 
speed with which it affects the reactor, and as to how much trouble it is to 
recover from it and resume operation. The following actions are listed in order 
of increasing severity in one or both senses: 


1. Period limit: prevents increase in reactivity upon reaching a predetermined 
period, i.e., rate of neutron flux increase, during start-up. 

2. Level (flux or power) limit: prevents increase of neutron flux upon reaching a 
predetermined power (or flux) level. ue 

3. Reverse (or setback): automatic slow decrease of reactivity. 

4. Scram: automatic rapid decrease of reactivity. 

5. Back-up: emergency clinching of low reactivity. 


The first three of these safety actions act as limitations upon the ability of the 
operator to increase the reactivity when the period or power level (or cee 
situation) is outside the normal range. They are designed to minimize s ut- 
down of the reactor due to operator errors as well as to provide an additional 
i ty. . 
W6A0E. ae limitation is most important when the neutron level is low 
compared to the normal operating level. Because of small excess reactivity 
and long neutron lifetime, dangerously short periods are not possible with ae 
reactors, but where such short periods can arise (see § 6.116) automatic peri 
protection is essential. Power level limits become increasingly pclae s 
the operating level of the reactor is approached, and safety action initiated by 
a neutron flux slightly above the normal operating level is mandatory. 
6.103. In addition to the safety actions based on reactivity or neutron flux 7 

' is usually desirable that coolant flow and temperature signals be ae 
in the safety system. Any decrease in the rate of flow or an undue rise in the 
temperature of the coolant should call for suitable action. 


6.104. The secondary hazards of maintenance and operation of the reactor — 


cannot be summarized in a general way, since they vary from one reactor to 
another. However, mention may be made of rupture of a fuel element leading 
to escape of radioactive fission products into the coolant, excessive radiation 
levels of the surroundings of the reactor, power failures, etc. The safety system 
should permit the shut-down of the reactor, either completely or partially, in 
i stances. 
os ae departure from normal operating conditions caused complete 
shut-down, i.e., scram, the continuous operation of the reactor would ia 
impossible. It is thus desirable to have various degrees of safety action se - 
ing upon the extent of the emergency. One way in which this could be done in 
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a reactor using electromagnetic clutches to support the shim-safety rods and an 
automatic system-for power level control will be described below. 

6.106. The exciting current (about 30 milliamp) is supplied by the output 
stage of an electronic amplifier, called a magnet amplifier, which receives voltage 
signals indicating reactor period and neutron flux. If the period is shorter than 
a specified value or the neutron flux exceeds a permitted level the output of the 
amplifier and, hence, the exciting current of the magnets, is sharply decreased. 
The safety rods supported by the magnets will then drop rapidly. This be- 
havior is referred to as “fast scram.” 

6.107. On the other hand, certain signals which do not have the urgency of 
excessive power level or of a very short period, can cause what is called “slow 
scram.” These safety signals operate relays in the line to the transformer 
supplying the anode (B+) voltage to the output tubes of the magnet amplifier. 
When the voltage is interrupted in this manner the exciting current for the 
magnets decreases relatively slowly because of the time required to operate 
the relays and to discharge power-supply capacitors, etc. After receiving the 
scram signal, there is then a short delay before the safety rods are dropped. 

6.108. Next in order of emergency is the action known as “reverse”; this is 
the continuous insertion of the shim rods. During normal operation these rods 
are stationary, in general, but upon receipt of the appropriate signals the motors 
driving the rods are started and the rods are inserted. This insertion continues 
as long as the causative condition endures, but if it is rectified, either spontane- 
ously or by operator action, the rod motion ceases. 

6.109. Finally, a reactor safety system may be designed to include the possi- 
bility of “setback.” This refers to a lower adjustment of the “set point” which 
determines the power level setting of the automatic control system. When the 
situation calls for setback, a motor automatically lowers the set point represent- 
ing the power demand. When the motor runs at high speed, it is called “fast 
setback” ; if the speed is not so high, then the term “slow setback” is used. The 
latter represents the least urgent safety action. As with reverse, setback ceases 
148 Soon as the condition responsible for it has been corrected. 

6.110. Since safety signals may come from a variety of instruments, such as 
ionization chambers, period meters, flow meters, thermocouples, manual 
switches, ete., located at various parts of the reactor, the system must be 
(designed so as to permit any one signal to cause the appropriate safety action 
irrespective of the other signals. For situations that do not require instantane- 
ous action, this is relatively simple. All that is necessary is to connect each 
indicating device to a relay of which the contactor is normally closed. The 
vontactors are then arranged in series, so that a current passes through the 
vireuit as long as no signal requiring safety action is being received. Any one 
such signal, however, will cause the associated relay to open its contactor and 
(hus interrupt the current. The necessary safety action will then follow, 
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6.111. Where very rapid action is necessary, as in conditions calling for fast 
scram, a type of continuous computer called the “sigma” or ‘“‘auctioneer’’ cir- 
cuit has been used. The various devices, e.g., several safety ionization chambers 
and period meters, from which urgent safety signals might originate are each 
connected, through suitable amplifiers, to the grids of triode tubes which act 
as cathode followers. The cathodes of all these tubes are connected together 
in what is called a “sigma” bus (Fig. 6.10). When the grid of any one of 


+HV. B+ 
| CATHODE 
AMPLIFIER --- FOLLOWER 
SAFETY 
1ON CHAMBER isa bus 


Fic. 6.10. Sigma safety circuit 


the triodes receives a signal indicating that safety action is necessary, the 
cathode goes positive; because of their interconnection through the sigma bus, 
the cathodes of all the triodes then go positive. The receipt of a safety signal 
from any one of the amplifiers connected to the sigma bus therefore results in 
all the others being cut off. The sigma bus thus tends to go along with the 
“highest bidder’ of the various amplifiers; it is for this reason that the designa- 
tion “auctioneer” circuit has been used. 
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lia, 6.11, Block diagram of reactor safety system 
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6.112. The manner in which the sigma circuit is employed in connection with 
a safety system using electromagnetic clutches and magnet amplifiers, as 
described above, is indicated in Fig. 6.11. Signals of neutron flux from a 
number of parallel-plate (PCP) ionization (safety) chambers and of period 
from a period meter associated with a compensated chamber are fed, through 
sigma amplifiers, to the sigma bus. The arrival of an urgent signal from one 
amplifier causes the output current in each of the magnet amplifiers to decrease 
rapidly. As a result all the safety rods are dropped simultaneously, so that a 
fast scram occurs. 


TABLE 6.4. AUTOMATIC SAFETY ACTIONS IN REACTOR 


















































Fast Slow Fast Slow 
Condition Scram Scram | Reverse | Setback | Setback 

Neutron level 150% of full power* x 
Neutron level 120% of full power* x 
Neutron level 110% of full power* x 
Period 1 sec x = 
Period 5 sec x 
Deergie power 150% of full powert x ; : 
hociaie power 120% of full powert cat x 
Aeeask power 110% of full powert x 
Coolant flow 80% of normal : x 
pal of line voltage x es 
Manual ; x x x x 














* Neutron level as indicated by safety ionization chambers. 
| Average power as determined from boron thermocouples or from rate of flow of coolant 
and temperature rise. 


6.113. Some indication of the circumstances under which various safety 
actions would occur is provided by the summary in Table 6.4. It will be noted 
that “fast seram’’ is initiated by only two signals, namely, a neutron level in 
ihe reactor 50 per cent above full power and the very short period of 1 sec. The 
lows hazardous period of 5 sec results only in reverse. By manual action, 
through relays, the operator can cause any safety action other than fast scram. 
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6.114. Mention should be made of the fact that the description of the safety 
system given above is for one that would be used for a reactor of fairly high 
power and advanced design, for which continuity of operation is an important 
consideration. For reactors of low power, such as are used for experimental 


purposes, or those having only a small excess reactivity, the only safety action - 


is scram, ie., complete shut-down of the reactor. The emergencies in such 
reactors are usually not serious, and since the reactor can generally be restarted 
relatively easily, the simplest procedure is to shut it down, if necessary, while 
adjustments are made. In the event of a minor emergency the operator may 
be warned by an annunciator, e.g., a light signal, so that corrective action may 
be taken without shutting the reactor down completely. 

6.115. In addition to the various abnormal conditions referred to in Table 
6.4 that initiate automatic safety action, there are a number of other circum- 
stances which require correction and which should, in any event, be called to 
the attention of the operator. Among such circumstances are the following: 
high (local) fuel temperature, excessive radioactivity of the coolant, high level 
of radiation in the reactor building, ineffective cooling of moderator or shield, 
and failure of external equipment, e.g., pumps, heat exchanger, etc. 


Srart-up ACCIDENT* 


- 6.116. An essential consideration in the design of a safety system is the matter 
of the response time. In a reactor designed for high neutron flux and having 
considerable excess reactivity, the reactor period can become quite short during 
start-up. If, as a result of operator or mechanical failure, this is allowed to 
continue through the prompt-critical stage, the power will very rapidly exceed 
the normal operating level. It is necessary, therefore, in order to obviate the 
hazard of a start-up accident, that the safety system should respond promptly 
to period and neutron flux signals. An approximate indication of the permissible 
time delay may be obtained from the inequality 


l 
T> Oy In areal (6.116.1) 


where 7’ is the ‘“‘instantaneous period” for the rise of neutron flux, J is the mean 
lifetime of thermal neutrons in the reactor, r is the rate of change of the multi- 
plication factor (cf. § 4.51), and ¢: and ¢: are the values of the neutron flux at 
start-up, i.e., of the source, and when safety action is initiated, respectively. 
Although the theoretical basis of this expression is somewhat uncertain, it has 
nevertheless been found to be a useful preliminary guide in the design of safety 
systems for periods less than 50 millisec and for values of r of about 10~ per see. 

6.117. For a reactor using enriched fuel, the neutron lifetime, /, may be of the 
order of 1074 sec (see § 3.164) and r during start-up may be taken as 10~* per 
sec, i.e., the multiplication (or reactivity) is increasing at the rate of 0.1 per cent 

*H. W. Newson, unpublished; see also, H. Hurwitz, Jr., Nucleonics, 12, No, 3, 57 (1954), 
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per sec. The ratio ¢:/¢:, which is roughly the ratio of neutron level at full 
power to the source value, would be 10” or more. It follows, therefore, from 
equation (6.116.1), that under these conditions the minimum period would be 
about 40 millisec. This means that the neutron flux would be increasing by a 
factor of 2.7 every 40 millisec when full power is reached and little time is left 
to check the rise before the reactor is damaged. 

6.118. If the response time of the safety system were equal to the minimum 
reactor period, e.g., 40 millisee in the case under consideration, the power would 
still rise to 2.7 times the “safe” level before the rod begins to drop. The rate of 
growth of the flux would then begin to decrease, although the flux itself would 
continue to increase for some time (Fig. 6.12), since complete insertion of the 
safety rods cannot be instantaneous. 
The maximum power attained might 
well be four or more times as great as 
the normal operating level, but since 
the high level would last for a very 
short time (60 to 70 millisec), the 
damage to the reactor would probably 
be negligible. It would seem advisa- 
ble, therefore, that the response time 
of the safety system should be of the 
same order as, or less than, the min- 
imum period of which the reactor is TIME 
capable. Since the latter depends fy, 6.12. Response of reactor power to 
on the rate of increase of reactivity safety signal 
during start-up, i.e., on the value 
of r in equation (6.116.1), this quantity should be strictly limited so as to be 
compatible with the response time. However, it may be noted that a ten-fold 
decrease in 7, i.e., in the rate of withdrawal of the shim rods during start-up, 
will increase the minimum period by a factor of only V/10, or about three-fold. 
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THE AUTOMATIC LOOP 


Functions or Automatic Controt System 


6.119. Some general aspects of the automatic loop have been already dis- 
cussed, but a more detailed description of the possible functions and design of 
the automatic loop will be given here. For reactors of relatively low flux and 
small excess reactivity, there is no problem of xenon accumulation after shut- 
down and there is no special reason for a rapid start-up. The danger of a short 
reactor period is small and the transient fluctuations when operating at full 
power are not very significant. Operator control of such a reactor, e.g., the 
Oak Ridge X-10 reactor, is completely adequate. 

6.120. For high-flux systems, however, and especially those intended for 
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mobile power purposes, rapid start-up is essential, and short periods are pos- 
sible. Further, transients may be large and rapid, because of the excess reac- 
tivity built into the reactor. In these circumstances, the maximum degree of 
automatic control is desirable. Strictly speaking, automatic control includes 
inherent control due to the negative temperature coefficient of the reactor as 
well as the use of external devices, such as a servomechanism. ‘The latter aspect 
of automatic control will be considered first and the effect of the temperature 
coefficient of reactivity will be examined later. 

6.121. Automatic control requires accurate and rapid instrument response, 
and so it is feasible only in the period and power ranges. In principle, the 
automatic system would be somewhat as follows. In the period range, the 
information from a period meter is matched against a particular demand repre- 
senting the required constant period, and the resulting error signal is fed into 
the amplifier of a servosystem capable of causing movement of a regulating rod. 
Any difference between the actual period and the required value will then result 
in such movement of the rod as will tend to diminish the difference. When the 
two periods agree, motion of the rod will cease. Automatic period control of 
this kind could continue right through the power range until the normal power 
level of the reactor is approached. Control would then be taken over by the 
neutron level: the signal from an ionization chamber is compared with a refer- 
ence voltage, representing the required power demand, and the error signal 
again applied to a servosystem. In this way, the power level of the reactor 
would be kept essentially constant at a predetermined value. 


Mertuops or Automatic CONTROL 


6.122. The application of the foregoing principles involves a number of prob- 
lems. One of these arises from the fact that period control and level control 
cannot be independent. Although a constant period is desirable when the 
reactor is being brought up to power, the period must obviously become infinite 
when the desired power level is reached, so that the power does not continue to 
increase. One way in which this could be achieved is illustrated in Fig. 6.13. 
A single demand voltage, say 10 volts, is used, corresponding to either a specified 
period, e.g., 20 sec, or to an appreciable fraction, e.g., 10 per cent, of full power; 
a smaller demand voltage would mean a larger reactor period or a lower power 
level. The demand voltage is matched against the information from a period 
detector and a level detector in the reactor, so that any error signal causes a 
movement of the control rods.* 

6.123. As long as the neutron level is well below full power, the information 
from the level detector will be negligible, and the period detector will be in 
control of the servomechanism. After the initial stage, when the period ig 
relatively long, the neutron flux will then increase with the constant specified 
period of 20 sec. When the operating level is approached, some information 


*M, A, Schultz, Report ADCD-3168, 
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begins to come from the level indicator. It is this signal, in addition to that 
coming from the period detector, which now balances the 10-volt demand 
voltage. The output of the period detector is consequently decreased auto- 
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Fia. 6.138. Block diagram of automatic reactor control system 


matically, and the reactor operates on a longer period. As the power level 
increases, the servosystem receives less and less information from the period 
meter, and more and more from the level indicator. The period thus increases 
to infinity, and the power levels off to a 
constant value. The change in power out- 
put with time, from start-up to full power 
level, is indicated qualitatively in Fig. 6.14. 
It is seen that the lengthening of the reac- 
tor period as the desired power level is ap- 
proached means a gradual leveling off of 
the power with no tendency to ‘‘overshoot.”’ 

6.124. The example considered above 
represents one of the many different auto- 
matic control systems which are possible. 
One of the difficulties of putting such sys- 
tems into practice arises from the fact that TIME 
the time constants of the period and neu- 
(ron-level circuits are different. Asa general 
rule, the time constant associated with the 
period information is greater than that for the level signal. A servosystem 
designed to maintain the reactor level constant should respond rapidly to power 
lovel information, But such a system might be useless to control the reactor 
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period, because of the longer time constant involved in the period indicator 
circuit. If the time constants differ appreciably, the servosystem may be 
designed so as to have different response times according to the type of infor- 
mation, period or level, which is in control. Alternatively, two separate servo- 
systems may have to be employed. 

6.125. The difficulty may be overcome by the use of a continuous computer 
system, represented in Fig. 6.15, in which a single servosystem operates entirely 
from neutron level signals. The motor-operated rheostat is essentially a 
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Fie. 6.15. Block diagram of servomechanism for automatic control of period and power 
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potentiometer with an exponential winding. This winding is not continuous 
but consists of 250 steps, the resistance of each step being proportional to the 
total resistance at that step. The contact, driven by a constant speed motor, 
acts as the control (or demand) set point for the servomechanism. Thus as the 
contact moves from bottom to top of the rheostat the resistance decreases 
exponentially and increased current is required from the ion chamber in order to 
develop a voltage across the rheostat sufficient to cancel the (constant) negative 
reference voltage. 

6.126. The error voltage, V;, equal to the sum of the reference voltage, on the 
one hand, and the voltage developed across the rheostat, by the current from the 
ionization chamber, which is proportional to the neutron flux in the reactor, on 
the other hand, is applied to the servoamplifier. As a result, a rod-driving 
motor is energized and a regulating rod is moved, in or out of the reactor, at a 
speed proportional to the error voltage. When the current from the ion cham- 
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ber is less than that required to develop a voltage across the rheostat equal in 
magnitude to the negative reference voltage, the sign of the error voltage is the 
same as that of the reference voltage. This causes rod withdrawal and the 
neutron flux level increases. If, however, the voltage across the rheostat is 
larger than the reference voltage, the sign of the error voltage is reversed; the 
regulating rod is then inserted and the neutron flux decreases. The servo- 
mechanism thus operates in such a manner as to keep the ion current, and 
hence the reactor power level, up to the demand set by the rheostat position. 

6.127. As the contact moves up the exponential rheostat the current demanded 
from the ion chamber to attain zero error voltage increases exponentially, as 
stated above, and so the servomechanism adjusts the position of the regulating 
rod in such a manner as to increase the neutron flux exponentially. In other 
words, in view of equation (4.9.1), the neutron level of the reactor will be in- 
creasing on a constant period, the value of which is determined by the speed of 
the motor moving the contact over the rheostat. 

6.128. It will be seen from Fig. 6.15 that a feedback voltage V; is also applied 
to the servoamplifier. This voltage is derived from a tachometer attached to 
the regulating rod drive, and so it varies in proportion to the speed of the regu- 
lating rod motion. The purpose of the feedback voltage is to damp the move- 
ment of the rod and thus prevent overshoot. Actually when the reactor power 
level is rismg on a constant period the reactivity will be constant and the 
regulating rod will remain essentially stationary. 

6.129. When the moving contact has reached a position on the rheostat cor- 
responding to the desired power level, the motion of the contact can be stopped 
and fine adjustment of the demand level is then made by the 5000-ohm (vernier) 
potentiometer shown at the bottom of Fig. 6.15. This potentiometer, which 
determines the reference voltage, is located on the reactor control console and 
is operated in connection with a meter indicating the average reactor power. 
As long as the reactor is at the desired power level the voltage developed by the 
ion chamber will balance the reference voltage and there is no error voltage. 
Any deviation in the reactor power, due to transient changes, immediately 
causes an error signal to be applied to the servoamplifier and the regulating rod 
is automatically moved to correct the change in power level. 

6.130. Attention should be called to the fact that, although the automatic 
system described above, based on neutron flux level signal, is relatively simple, 
it has the disadvantage that its use as a satisfactory period control is restricted 
to the power range of operation, where level signals are reliable. If, in addition, 
control in the period range, from 10-* to 10-? of full power, is required, as it 
might be for a mobile power system, it appears that period information must be 
included. In reactors having only a small excess reactivity, such as the Water 
Boiler, there is no real need for period control. The automatic system is then 
used for the sole purpose of maintaining the level constant once the reactor has 
been brought up to operating power by manual control. 
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DESIGN OF THE SERVOSYSTEM 


6.131. Although a detailed discussion of the design of the servosystem lies 
outside the scope of this book,* there are certain aspects of the subject, based 
on the time behavior of reactors, which merit consideration here. It will be 
seen from Fig. 6.1 that it is possible to go around the automatic loop either by 
passing directly from reactor to instruments or by going from the reactor 
through the external load to the instruments. In the first place the load will 
be ignored, i-e., it will be assumed constant, but its effect will be considered 
later. 

6.132. Let no be the neutron density to which the reactor is to be controlled 
by the automatic system, and suppose the corresponding value of the effective 
multiplication factor is ko. Then, if n and k are the actual values of the neutron 
density and the multiplication factor at any time, the deviations are represented, 
as in § 4.63, by 

n=n—n and k' =k—k. 
In this case n’ is the quantity to be controlled, since it is a measure of the devia- 
tion from the desired condition, and k’ is the parameter whereby the control is 
to be effected, by the movement of a regulating rod. 

6.133. In order to determine what function of n’ might be used as a basis for 
the design of the servosystem, an examination is made of the differential equa- 
tion in n with respect to time. By combining equations (4.64.1) and (4.64.2), 
which apply when the changes in n and k are small, it is possible to eliminate the 
Cs; assuming, for simplicity, the approximate case of one (average) group of 
delayed neutrons, and writing the operator p to represent d/dt, the result is 


="{ =o) ’ =u , 
[e+ Lt tt Bhp +1—ho|n = No 1 Ey +1 k’, 
(6.133.1) 


where 2 is the weighted mean life of the delayed neutrons, i.e., 0.08 sec (§ 4.22). 
In the present circumstances, the neutron density 7 is that for the stationary 
state of the reactor, so that ko is unity; consequently equation (6.133.1) reduces to 


é p+ bt hs r) ie ae p+ 1) Kk. (6.13.2) 


6.134. In considering this differential equation, it is seen that m, the demand 
value of the neutron density, appears on the right side. In order to remove this 
term it is necessary either that the control parameter vary inversely with no or 
that dynamic control, which varies its quality with m, be employed. In gen- 
eral, the former alternative is chosen, so that the control parameter is made a 
function of n’/n. A simple error-actuated (or proportional) control, such as 


* See references to § 4.63; also, J. H. Bowen, Proc, Inst, Elec, Eng, (Lond.), 100, Part I, 
102 (1953); J. M. Harrer and J, A, Deshong, Jr., Nucleonies, 12, No, 1, 44 (1954), 
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is frequently used, would then make k’ proportional to n’/n, i.e., 


/ n! 
k’ = -—a (). (6.134.1) 
no 

Since, over a considerable range of the regulation rod motion, the change in the 
reactivity (or multiplication) is proportional to the distance the rod is moved 
(§ 6.52), equation (6.134.1) is the basis of what is called a “position” servo- 
mechanism. The amount of change in position of the rod is proportional to 
the error function. 

6.135. Upon substitution of equation (6.134.1) into (6.133.2), it is found that 


[(p? + {8 + I’ + a(l — B)}p + ad]n’ = 0. (6.135.1) 


The controlled reactor is thus seen to respond as a second order system with the 
following characteristics :* 


Natural angular frequency = 4 [a 


Damping ratio = 6 +i + afl — 8) 
2V alr 


6.136. If a were taken to be 1 and the mean lifetime, |, of the thermal neutrons 
in the reactor is 10~* sec, then, since \ is 0.08 sec~! and £8 is 0.0075, the natural 
frequency is found to be about 9 radians/sec, ie., 1.5 cps, and the damping 
ratio is 55. With such a large damping ratio the response of the system would 
be extremely sluggish. By decreasing the proportionality factor a the damping 
ratio passes through a minimum, but the lowest value is 9.7, with a natural 
frequency of 0.78 radian/sec, i.e., 0.13 cps. The system thus behaves essen- 
tially as one of the first order, and from equation (6.135.1) it follows that 


First order time constant = Lf + bor Dn 
r an 
the minimum value of which, for large a, is (1 — 8)/A, ie., 12.4 sec. 

6.137. It is evident, therefore, that the simple proportional control, repre- 
sented by equation (6.134.1), must inevitably lead to sluggish performance and 
so is not suited to automatic reactor control. There is also another reason why 
a position servomechanism would not be too desirable for this purpose. Because 
of fuel depletion, accumulation of fission product poisons, temperature changes 
ote., the excess reactivity of a reactor does not remain constant during Brera: 
tion. Hence the position of the regulating rod, corresponding to a specified 
power level, must be continuously adjusted to compensate for this variation. 

6.138. Another possibility is to make the time rate of change of the control 
parameter (rather than the parameter itself) vary as the control function n’/no 
so that the control formula would be 

"J, D, Trimmer, “Response of Physical Systems,” John Wiley. & Sons, Ine,, 1960, 
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This is sometimes referred to as integrating control, since the control parameter 
k’ is proportional to the integral of (n’/n) dt. Upon substituting equation 
(6.138.1) into (6.133.2), and recalling that p represents the operator d/dé, the 
result is , 

[lp? + (8 + lrA)p? + a(1 — B)p + ad]n’ = 0. (6.138.2) 
This third order equation can be solved graphically, by separating it into two 
parts, one involving p* and p? and the other containing 7p only. The solutions 
for two values of a are given below. 





a = 0.001 a = 0.05 
Time constant (first order part) 0.134 12.5 sec 
Natural frequency (second order part) 0.104 7 radians/sec 
Damping ratio (second order part) 0.635 0.535 


6.139. Although neither of these two combinations of time constant, natural 
frequency, and damping ratio would give ideal response, the integrating con- 
trol, represented by equation (6.138.1), is considerably better than the simple 
proportional control of equation (6.134.1). Incidentally, since the former is a 
velocity control rather than a position control, it will also take care of the point, 
mentioned above, that the position of the control rod must change even during 
operation at constant power. 

6.140. Attention may be called to the fact that the servosystem for reactor 
and period control depicted in Fig. 6.15 is based on the integrating control 
formula. The circuit is such that the error voltage V; is proportional to n’/n. 
Since the regulating rod is moved at a rate proportional to the error voltage, 
and the rate of motion, over a considerable range, varies directly as the change 
in the multiplication factor, it follows that the time rate of change of the latter 
is proportional to n’/no, in accordance with equation (6.138.1). 

6.141. The purpose of the foregoing treatment is to indicate the approach 
that may be used in the analysis of an automatic control formula. Although 
the integrating control is used in certain reactors, other types of control are 
possible. If the system is to function over an appreciable range of power, i.e., 
of m, then it is desirable that the control parameter shall be inversely related to 
m. However, if the automatic control is required to operate at a single power 
level only, so that no is constant, the control parameter can be merely a suitable 
function of n’, the difference between the demand power and the actual value.” 


*For general discussions of automatic control systems for reactors, see M, A, Schultz, 
op. cit.; J. M. Harrer and J. A. Deshong, Jr., loc. cit.; J. H. Bowen, loc. cit.; R. V. Moore, 
Proc. Inst. Elec. Eng. (Lond.), 100, Part I, 90 (1958); also, . Fermi, Amer, J. Phys., 20, 587 


(1952), see page 557. 
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6.142. Because of the nonlinearity of the kinetic equations the device was 
used above of considering small variations from an equilibrium condition 
This approach is useful as a preliminary guide, but it does not provide a Seatri- 
plete basis for the design of a servosystem for automatic control. To roceed 
further it is necessary, short of building and experimenting on the nia itself 
to make use of electrical reactor-simulators, as described in Chapter IV. fe 
testing the operation of the servomechanism. Although a perfect sigdlcoe 
does not exist, the use of such an instrument represents an important step be- 


tween a mathematical analysis of the t i i 
ype given above and actual 
system on the reactor itself. aici 


SELF-REGULATION BY TEMPERATURE CHANGE 


6.143. It was seen in § 4.74, et seq., that temperature changes affect the reac- 
tivity of a reactor. Consequently alteration in temperature might possibl 
contribute to the control of the system. In general, essentially all i ak 
have negative temperature coefficients, so that if the temperature rises, e 
because of an interruption in coolant flow, the reactivity will decrease.* There 
will be a corresponding decrease in the power level which will tend <0 compen- 
sate for the increase of temperature. The task of control design is thus oa 
erably simplified if the reactor has this self-regulating feature. It is particular] 
ee if an important contribution is made by the coefficient of mane 
: me se the fuel itself, since this responds promptly to changes in the 

6.144, Advantage is being taken, both in existing and planned reactors, of the 
self-regulating effect of temperature. It helps to compensate automaticall for 
power variations due to local transient changes in the reactor as well a to 
changes in the entry temperature and flow rate of the coolant. Largely because 
of the high temperature coefficient of thermal expansion, reactors employin 
water, either ordinary or heavy water, as moderator and coolant ar ae ‘i 
tionally large negative temperature coefficients of reactivity (§ 4.91). For th 
Water Boiler, for example, the value is —3 X 10-4 per °C (—1.7 x 10-4 per of) 
and coefficients approximating —10-* per °F are possible for water-moderated 
and -cooled reactors operating at higher temperatures. Such reactors conse- 
quently have the self-regulating property to an exceptional degree. 

6.145. It may be remarked that the temperature effect can compensate for 
the steady decrease in reactivity arising from burn-up of fuel and the accumula- 
tion of fission product poisons only by a corresponding decrease in operatin 
San To compensate for these changes and maintain constant ae 
oS he ane roment of a control rod is required, unless fuel can be added 


* Reactors in which water is the coolant | 
exceptional tn this feepent tons on nut in relatively unimportant as the moderator are 
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* 
Tue ExtTerRNAL Loap AND AUTOMATIC CONTROL 


6.146. The question of the effect of the external load on the automatic control 
system is important when significant and variable amounts of power are being 
drawn from the reactor. It will be supposed, as is the common situation for 
power reactors in existence or under construction or development, f that the 
coolant (or fluid fuel) is circulated through a heat exchanger in which steam is 
produced for the operation of a turbine, as indicated in Fig. 6.16. 


COOLANT 






STEAM 
SEPARATOR] STEAM 


HEAT EXCHANGER 





REACTOR 
CORE 







CONDENSER 






Fra. 6.16. Relationship between load and reactor control 


6.147. If the rate of flow of coolant (or fluid fuel) in the primary circuit is 
constant, then the power output of the system, P, may be represented, to a good 
approximation, by 

P= K(T aw is T.), 
where K is a constant; Tay is the average temperature of the coolant in the 
reactor and 7, is the steam temperature at the throttle. Although, in principle, 
the program of the system may be such that variations in both Tv and 7’, are 
possible, two extreme cases will be considered first; these are (1) Ty constant, 
and (2) 7, constant. 


Constant AVERAGE COOLANT TEMPERATURE 


6.148. In this case the power output is varied by changing the steam pressure 
at the throttle and the steam temperature, 7’, changes correspondingly. An 
increase in power demand, for example, will result in a decrease in T,, the inlet 
temperature of the coolant to the reactor. Since this will cause a lowering of 
the reactor temperature the reactivity increases, because of the negative tem- 
perature coefficient, and the power output will rise to keep pace with the de- 
mand. The outlet temperature, 7’,, will increase so as to maintain Tov constant, 
as postulated. Thus throttle changes are automatically communicated to the 
reactor as changes in reactivity which cause it to vary its power output auto- 
matically in a stable manner to meet the demand. No control rod motion is 


*M. A. Schultz, Proc. Conf. on Nuc, Hng., Berkeley, 1953, D-1. 
+ Boiling-water reactors are exceptions (§ 8.288), 
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required except, as stated in § 6.145, such as may be needed to allow for fuel 
burn-up and poisons. 

6.149. The program of constant average temperature of coolant is thus the 
natural one for operation of the reactor, but it has disadvantages as far as the 
steam system is concerned. The large variations of steam pressure which occur 
in the secondary system necessitate special turbine design and automatic throt- 
tling valves are required to feed a constant-frequency turbine generator. Fur- 
ther, steam pipes of large size are necessary and difficulties arise in connection 
with the boiler-feed pump. 


Constant STEAM TEMPERATURE (AND PRESSURE) 


6.150. The program of constant steam temperature (and pressure) is ideal 
for the secondary system, since it permits optimum design of the steam plant. 
Among the advantages are the following: smaller steam pipes can be used, the 
turbines are nearly standard, and neither special boiler-feed pumps nor auto- 
matic throttling valves are needed. 

6.151. The disadvantages of the constant steam pressure system are felt, how- 
ever, by the reactor. Any change in the power demand at the throttle now 
means a change in T',y, since 7’, is constant. The self-regulating tendency for 
the reactor to maintain a constant average coolant temperature must then be 
compensated by a relatively large amount of rod motion. When the power 
demand is changed the action of the automatic control system is antagonistic 
to the effect of the negative temperature coefficient of the reactor. 

6.152. It might appear that a good engineering compromise could be achieved 
by allowing the steam pressure (and temperature) to decrease somewhat with 
the load and, at the same time, permit the average temperature of the coolant 
to rise somewhat. However, a better solution has been proposed ; the system 
is designed so that for steady-state operation it behaves as a constant pressure 
steam plant, while for transient changes it operates as constant average coolant 
temperature system. This is achieved by design of the automatic control 
system with such characteristics that there is a relatively slow movement of the 
regulating rod in response to a change in the neutron flux signal. 

6.153. If the throttle is changed slowly, at constant steam pressure, i.e., in 
essentially steady-state operation, the control rod moves slowly to keep the 
power level of the reactor equal to the demand. On the other hand, if the throt- 
tle is opened or closed suddenly, there will be a rapid change in the inlet tem- 
perature of the coolant. But since the regulating rod moves slowly the negative 
temperature coefficient of the reactor supplies the change in reactivity required 
to match the transient change in the load. For sudden throttle changes of 
short duration the reactor thus behaves as if it were operating without control 
rods and is stabilized by the self-regulating effect of the reactivity temperature 
coofficient, If the system now continues to operate with the new power load, 
at constant steam pressure, control of the reactor passes to the regulating rods. 
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6.154. Some preliminary information concerning the design of a control 
system to satisfy the foregoing requirements can be obtained by analytical 
methods. The final design is best accomplished, however, by means of a 
reactor simulator, as stated above. 


REACTOR OPERATION 


IntTIAL START-UP 


6.185. Normal operation of a reactor may be divided broadly into three 
parts: start-up, power operation, and shut-down. It is during start-up, in 
particular, that the problem of control requires careful attention. Actually, 
three different types of start-up may be distinguished. There is, first, what 
may be called ‘initial start-up,” frequently referred to as start-up from “cold,” 
which applies to the starting of a new reactor, one which has been refueled, or 
one which has been shut down for several days. Second, there is start-up within 
a short time after accidental or deliberate shut-down; this is sometimes called 
“start-up after scram.” Finally, it may be necessary to start up the reactor 
after a reduction in power, e.g., to about 0.1 or 1 per cent of full operating 
power; this has been designated as ‘“‘power range start-up.” 

6.156. All start-up operations have the same objective, namely, bringing the 
reactor to critical and then increasing the neutron flux (and power output) in a 
carefully controlled manner until the desired level is reached. Initial start-up 
requires special attention because the neutron level may be so low that measure- 
ments with the usual instruments are not very reliable. In any event, it is of 
the utmost importance that no control rod be moved until the neutron flux is 
large enough to be detected, on a counting-rate meter at least. This detectable 
flux may arise from spontaneous fission or it may result from the inclusion of a 
special neutron source in the reactor, as will be explained below (see also § 5.112). 

6.157. Even in these circumstances, there is a possibility that the reactor may 
go through prompt critical on a short period; this situation can be avoided by 
careful regulation of the rate of increase of reactivity, i.e., of the rate of with- 
drawal of the control rods, during initial start-up. An examination of Fig. 
6.17 will prove instructive in this connection. It gives the reactor period * as 
a function of the time after start-up for various rates of increase of reactivity. 
The initial effective multiplication factor was taken to be 0.9 in each case, and 
the neutron lifetime in the reactor was 10~ sec. It is seen that, when the rate 
of change of reactivity is 0.002 per sec, the reactor becomes critical after 50 sec 
and the period is then only about 1.5 sec. However, by increasing the reactiv- 
ity more slowly, e.g., 0.0005 per sec, the period when the reactor becomes critical 
is some 7 sec. Whereas the former period is dangerously short, the latter is 
relatively safe. 


*The term “period,” as used here, is the reciprocal of d In n/dt at a particular instant; it 
is not a true (stable) reactor period, 
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6.158. For the large, natural uranium-graphite reactors, such as the Brook- 
haven and Oak Ridge X-10 reactors, the chances of going into a short period 
during start-up are not great. There are several reasons for this situation 
In the first place, these reactors have relatively small excess reactivit Fu : 
ther, the reactivity equivalent of the control rods is not large, and so an a 
reasonable rate of rod withdrawal the rate of increase in the miultiplienion 
factor of the reactor will be small. Finally, the neutron lifetime in a natural 
uranium reactor is fairly long, and so a given reactivity if greater than 0.005 


will correspond to a considerably 1 i 
Danes y longer period tha ] ; 
lifetime were shorter (see § 4.38). n would be the case if the 
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Via. 6.17. Reactor period as function of time for various rates of increase of reactivity 


6.159. Tn natural-uranium reactors, too, the neutron source from the spon- 
taneous fission of uranium-238 is sufficient to permit safe start-up aieal an 
additional source of neutrons. Spontaneous fission yields about 15 neutrons/sec 
per kilogram of natural uranium, and this produces a source strength of about 
5 xX 105 neutrons/sec in the core of the X-10 reactor. Since various aon 
ments are available which will respond to this source strength, the neutron level 
can be readily followed during start-up. si 

6.160. A reactor of high power, employing enriched fuel, such as that referred 
to in Table 6.1, will usually have a large excess reactivity, possibly 0.25 or more 
1 he too rapid withdrawal of the control rods would then result in a hi h rate f 
increase in the multiplication factor of the reactor. This aka i ts 
small neutron lifetime could result in an extremely short and highly AS 


period, Very special precautions must therefore b ni 
ae ore be taken in the start-up of 
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6.161. Because of the small total mass of fuel in an enriched reactor, as ae 
pared with one employing natural uranium as fuel, and the small wenene 
uranium-238 present, spontaneous fission alone will not produce neutrons at a 
sufficient rate for their detection to be possible. It is consequently Heced 
that an additional neutron source, e.g., one consisting of polonium an : eryl- 
lium (§ 2.72), be built into the reactor, for initial start-up at oe = 
such as this yielding 10° to 10’ neutrons/sec are readily available, an ; so an 
adequate indication on a fission counter or a proportional counter a 
boron is possible before the control rods are moved. It is thus easible to 
follow the neutron level by means of suitable instruments over the entire ens 
from start-up to the operating power level. The possibility of a very rapid rise 
in the neutron flux, i.e., a very eee ca the operator being aware 

i ion, is thus very greatly decreased. 
i ee ae timer iation at low neutron levels, at the lower end : oy 
counter range, is very unreliable, it is not advisable to withdraw the ee ro i 
continuously. Intermittent withdrawal, C8.) 0.5 see on and 4.5 hae » as a 
employed in the MTR, however, provides an important fee of sa ne i. 
long as the reactor is subcritical, the neutron flux will increase during the a ; 
period, due to subcritical multiplication, but will tend to een a a 
during the “off” period (§ 4.66, ef seq.). When the reactor passes t ine a 
critical state, the flux continues to increase even during the “off ae : , 
this way, the operator will become aware that the system has gone oe ical, an 
he can then take precautions to prevent the reactor running pwey . 

6.163. Up to this point, the control has been strictly manual *; cena oa 
unreliability of instruments at low neutron levels, there appears ps e ae 
prospect at present of making initial start-up purely sae _ 7 
flux has increased to the point that fairly satisfactory period information ; 
available, i.e., in the period range, it is possible to substitute eee ro 
withdrawal for the intermittent procedure. The period meter ee nie serve 
as a guide to control, which can be either manual or automatic, unti t e iy 
range is attained. As explained earlier, neutron level information is used to 


bring the reactor up to its normal power. 


Srart-up AFTER ScCRAM 


6.164. Start-up after a brief shut-down is a much less hazardous Broo 
initial start-up. If the delay has not been too great, the neutron leve “a 
probably be high enough to give good period information. There - pe 
factors contributing to this situation. One is the limiting effect of cw e 7 
neutrons, so that even 10 min after shut-down the neutron flux wi : ave | a 
creased by a ratio of only about 10° and the reactor will still be a _ e a : 
range. Another factor is the formation of neutrons by the action of the fission, 


*The term “manual,” as contrasted to “automatic,” implies that the human operator is 
in charge of control-rod adjustments. 
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product gamma radiation upon various reactor materials. This will be par- 
ticularly important when heavy water or beryllium is employed as moderator 
or reflector (§ 2.74). 

6.165. For some time after shut-down the subcritical reactor will thus behave 
as if it contained a large primary source. When the reactor is started up again, 
this large source and the subcritical multiplication will give a neutron flux for 
which reliable instrumentation will be possible even prior to withdrawal of the 
control rods. In the MTR, the intermittent start-up can be eliminated, and 
continuous rod withdrawal permitted, provided the neutron flux is at least 10-5 
of the normal operating level, since period control is then possible. The beryl- 
lium reflector used in this reactor facilitates the attainment of this condition. 

6.166. Because of the growth of the xenon concentration after shut-down in 
a high-flux thermal reactor, it may be desirable to start up again as soon as 
possible. If this is done within a short time, the start-up would be carried out 
as described above. However, if the delay is long enough to permit the xenon 
concentration to grow to such an extent that there is insufficient built-in reac- 
tivity available to override the poisoning, then it will be necessary either to 
replace some of the fuel elements or else to allow the reactor to stand until the 
xenon has decayed. In this case, as in other instances where the shut-down 
has been prolonged, the neutron level will have decreased greatly and the 
start-up procedure will be essentially the same as for initial start-up. 


PowrEr RANGE START-UP 


6.167. In certain circumstances the power level of a reactor will be reduced 
to a small fraction, e.g., 0.1 to 1 per cent, of its full operating power. While 
this is quite small from the power standpoint, the neutron flux is so high that 
reliable information is available from both period and neutron level instruments. 
Start-up under these conditions presents no special problem. It can be per- 
formed manually, if desired, or it can be automatically controlled by a servo- 
system, as already described. All that is necessary is to set a period that will 


bring the reactor up to its normal power at a reasonably fast rate compatible 
with safety. 


NorMau OPERATION OF REACTOR 


6.168. The function of the control system in normal operation of a reactor 
requires little further discussion, in view of the references to this matter that 
have already been made. The essential requirement for a research or experi- 
mental reactor is usually that the neutron flux (or power level) remain as con- 
stant as possible. The stability of such reactors, e.g., the Oak Ridge X-10 
reactor, is often such as to permit satisfactory manual operation, and the addi- 
tion of an automatic control system is then based on considerations of con- 
venience, For a reactor such as the MTR, on the other hand, the fluctuations 
introduced by the cooling system and by certain experiments are appreciable 





368 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [6.168 


enough to make manual control difficult. The incorporation of a servosystem 
then aids materially in attaining satisfactory operation. 

6.169. For reactors designed as power producers the main requirement during 
operation is that the reactor follow load fluctuations as they occur. As seen 
above, the negative temperature coefficient of the reactor will aid materially in 
this respect, and under proper conditions can make it unnecessary to have an 
external control system (see § 13.102). 

6.170. Among the factors which may cause transient effects in a reactor, that 
can be readily dealt with by automatic control, are momentary changes in 
temperature and rate of flow of coolant, due either to external or internal causes. 
Sudden introduction or withdrawal of neutron absorbers, either accidentally, 
e.g., in the coolant, or intentionally, e.g., in an experiment, will also affect the 
reactor equilibrium. In fact, a change in almost any of the conditions in the 
reactor, such as movement of an instrument, is likely to produce some effect on 
the power level. 

6.171. Apart from the transient phenomena, there are steady changes taking 
place in a reactor for which continuous, if slow, adjustment is necessary in order 
+o maintain a steady power output. Mention may be made of fuel depletion, 
accumulation of fission product poisons, and changes in dimensions of structural 
and other materials due to operation at a high temperature and in a high radia- 
tion field over a long period of time. 


SHUT-DOWN OF REACTOR 


6.172. There are, in general, two ways in which a reactor may be shut down: 
controlled (or deliberate) and enforced (or scram). If the controlled shut-down 
is to be of long duration, e.g., for refueling or for maintenance purposes, then 
the procedure adopted is immaterial. All the control rods may be inserted as 
rapidly as desired. On the other hand, if the shut-down is expected to be tem- 
porary, while an external repair is performed, then the neutron level should be 
decreased, by gradual insertion of the shim rods, until the power output is the 
maximum that can be tolerated with safety. This will not only minimize the 
xenon build-up (§ 4.111), but will also simplify the restart operation. In decid- 
ing upon a safe degree of shut-down, it must be remembered that considerable 
heat will continue to be liberated as a result of radioactive decay of the fission 
products. 

6.173. In order to insure continued operation of the reactor, enforced shut- 
down (or scram) should be avoided as far as possible. Small fluctuations in 
power, which may be caused by variation in the coolant, ete., or apparent flue= 
tuations, which may be due to changes in the controlling instruments and their 
associated circuits, should not be able to produce a scram. Thus, as seen in 
Table 6.4, the safety system of a reactor can be designed so that the lesser 
emergencies cause a gradual decrease of power, but not a complete shut-down, 


Only when the power gets dangerously high, ¢.g., 50 per cent above the normal. 
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level, or the period becomes dangerously low, e.g., 1 sec, will a fast scram occur 
automatically. 


SympBoits Usep In Cuaprter VI 


a constant 
d __ extrapolation distance 
K constant 
k multiplication factor 
Ak change in multiplication factor 
ky) value of multiplication factor to be controlled 
k’ deviation from ko (k’ = k — ko) 
kee effective multiplication factor 
l neutron lifetime in reactor 
neutron density 
m value of neutron density to be controlled 
n’ deviation from 7 (n’ = n — m) 
P reactor power output 
p differential operator (d/dt) 
R radius of cylindrical reactor 
Ro radius of cylindrical control rod 
r rate of increase of multiplication factor 
T reactor period 
Tw average temperature in reactor 
T; coolant inlet temperature 
T, coolant outlet temperature 
7, steam temperature 
t time 
V; feedback voltage 
V; error voltage 
8 fraction of fission neutrons delayed 
\ weighted average lifetime of delayed neutrons 
p reactivity 
¢: neutron flux at start-up 
2 neutron flux when safety action is initiated 


PROBLEMS 


ue The change in reactivity (or multiplication factor) due to insertion of an absorber 
at any point into a reactor may be taken to be proportional to the square of the thermal- 
neutron flux at that point. On this basis derive (either analytically or arithmetically) 
the general shape of the curve in Fig. 6.4, showing the change of reactivity with the 
oxtent of insertion of a control rod, The flux may be assumed to have a cosine distribu- 
tion in the direction of rod motion that is not greatly changed by insertion of the rod. 

2, A reactor operating at a thermal flux-of 10! neutrons/(cm*) (sec) has excess reac- 
tivity of 0,10 available for overriding xenon poisoning, Suppose the reactor has been 
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i me time and is then completely shut down. During what time interval 
apne Ee be restarted? If this time has elapsed, how long will it be nee to 
wait before start-up is again possible, without refueling? (Use the results of Problem 
4.18.) ; ‘ 

us fuel solution of a homogeneous reactor has a concentration of 120 grams 
of pee ‘sulfate (UO.SO,), enriched to the extent of 90 per cent in cena a ‘ 
volume of 1 liter. Estimate the concentration of Jithium sulfate (LizSOx) whic ve 
be required to compensate for burn-up of the uranium-235, so as to minimize con rae 
adjustment of the regulating rod during reactor operation. (Use cross section data in 
eas the multiplication factor of a reactor is increased at the san ace 
per cent per second by the continuous withdrawal of a control rod, which is not ch i ep 
When the neutron flux is 5 X 10" of the original value automatic safety action is ini ce . A 
but there is a delay of 50 millisec before the safety rods are inserted. ieee : a 
extent to which the “safe” level of the reactor is exceeded and the time for whic e 
overload exists. (The neutron lifetime in the reactor is to be taken as 10 eer oe 
5. Calculate the maximum permissible rate of increase of the multiplication ‘ac y 
control rod withdrawal during start-up, for the preceding problem, if the reactor overloa, 
is not to exceed 50 per cent. ; 
i ation (6.138.2) and verify the results given in § 6.138. ; 
7 iit le percar 8 control and safety system, including interlocks, ae as mie 
be required for a reactor designed to produce large-scale power. (It is to be assum 
that the same control rods are used for shim and safety purposes.) 





Chapter VIT* 


PROCESSING OF NUCLEAR REACTOR FUEL 








INTRODUCTION 


SEPARATIONS CHEMISTRY 


7.1. The applications of chemistry and of chemical engineering in the nuclear 
reactor field fall into two main categories. The first is concerned with the pro- 
duction of materials required for the construction and operation of the reactor. 
These include reactor fuels, e.g., uranium and thorium, moderators, coolants, 
and structural materials. The second involves the treatment of the spent fuel 
elements, after use in the reactor, for the extraction of new fissionable species, 
e.g., plutonium, which may have been produced, and for the recovery of the 
unused fuel. An aspect of this second category is the disposal of the waste 
solutions containing radioactive fission products. 

7.2. In most reactors constructed hitherto, the designs have been based on 
the most readily available suitable materials, with little consideration of the 
chemical problems involved in the treatment of the spent fuel. It has been 
realized that, from the long-range point of view, a lack of coordination is uneco- 
nomic, especially as the degree of efficiency achieved in the extraction of the 
fissionable material may represent the margin between failure and success in 
breeding (§ 1.165). Consequently a new field of investigation, sometimes 
referred to as “reactor chemistry,” is emerging. It is concerned, among other 
things, with the development of new fuel-moderator systems, such as homogene- 
ous solutions, slurries, and melts, which have the advantage of either relative 
simplicity of preparation or of treatment, or both. 

7.3. The present chapter is concerned mainly with separations procedures, 
i.e., with the second of the categories described in § 7.1. In connection with 
regenerative reactors, either converters or breeders, it is desirable to extract the 
fissionable material produced during operation and also to recover the unused 


* Material contributed by F. R. Bruce, F, L. Culler, W. K. Hister, D. E. Ferguson, J. R. 
Vlanary, 8, Glasstono, I, R. Higgins, A. C. Jealous, W. B. Lanham, R. E. Leuze, J. F. Muggs, 
8, Peterson, J, T. Roberta, R. W. Stoughton, and W. H Sullivan, 

Reviewed by W, K. Wiater, R. W. Stoughton, and W. H Sullivan, 
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fuel. The spent fuel elements from the Hanford converter reactors were 
originally treated only for the extraction of the plutonium; the residual uranium, 
together with the fission products, was stored in underground tanks. However, 
the ideal approach would be to separate the plutonium and uranium from each 
other and from associated fission products. In addition, it would be desirable 
to recover the uranium from the accumulated residues now in existence. 

7.4. In reactors employing fuel consisting of highly enriched uranium-235, 
there is no appreciable formation of plutonium, and so the spent fuel elements 
are treated only for the removal of fission products from the uranium. If the 
enriched reactor has a breeding blanket, then this must be processed to extract 
the fissionable material, i.e., plutonium-239 or uranium-233, and to recover the 
remaining fertile material, i.e., uranium-238 or thorium-232, respectively. 
Since some fission may occur in the blanket, it may be necessary to purify the 
material from fission products. 


Spent Furi ELEMENTS 


7.5. The first step in the discussion of separations chemistry is to examine the 
circumstances which determine the necessity for removing (or discharging) the 
so-called “spent” fuel elements from the reactor for processing. A limit is set 
upon the time a fuel element can remain in the reactor by the changes in dimen- 
sions and shape that occur with continued operation (see Chapter VIII). There 
is little doubt that in due course the problems arising from the physical damage 
caused by radiations will be overcome either by special designs, by the use of 
suitable alloys, or by employing the fuel in a fluid form. Nevertheless, other 
conditions will still be operative which will necessitate relatively frequent proc- 
essing of the reactor fuel. 

7.6. If the fuel consists mainly of fissionable material, such as uranium-235, 
the burn-up (or depletion) of fuel, due both to fission and nonfission capture 
reactions, and the accumulation of fission product poisons will decrease the 
reactivity of the reactor to such an extent that the design requirements will no 
longer be satisfied (see § 6.31, et seg.). At this time only a fraction of the fuel 
will have been destroyed and the spent elements will still contain a large per- 
centage of fissionable material. The fuel elements must therefore be processed. 
in such a manner as to recover essentially all of the remaining fissionable species. 

7.7. In a reactor using natural (or slightly enriched) uranium as fuel, so that 
appreciable amounts of uranium-238 are present, there will inevitably be some 
formation of plutonium-239. Apart from physical changes in the fuel elements 
and poisoning due to fission products, the period for which the elements can 
remain in the reactor will depend upon its primary purpose, namely, power or 
plutonium production. 

7.8. If the main objective is power production, then it may be possible to 
continue operation for a longer time, since fissionable plutonium-239 replaces 
the uranium-235 used up, in roughly equal amounts (§ 1.138). On the other 
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hand, if it is desired to recover the maximum amount of plutonium-239, account 
must be taken of the losses which will occur, due to various neutron nbsstiotion 
reactions, with long exposure times. For a dual-purpose reactor the rate of 
discharge of fuel elements for processing will be determined by over-all eco- 
nomic considerations. 

7.9. In the production of uranium-233 from thorium-232 (§ 1.61) the limiting 
factor may be either the destruction of uranium-233 by neutron absorption or 
the accumulation of uranium-232. The latter can be formed in a number of 
different ways, as can be seen from Fig. 7.1 (below), and since the isotopes of 
uranium have essentially identical chemical properties the uranium-232 is 
extracted with the uranium-233. The presence of uranium-232 is undesirable 
because it is an alpha-particle emitter of fairly short half life (70 yr), and its 
decay product, thorium-228, is a member of the thorium series of vadioslamenta 
Upon standing, therefore, the radioactivity of the material increases, beease 


of the formation of alpha-, beta-, and j 
Se a. ) gamma-active decay products, th - 
ing it more difficult to handle. cee 


Heavy Isororr Burip-up 


7.10. In a reactor containing (or producing) plutonium-239 some neutron 
capture will occur, since the cross section is relatively high (Table 2.10); this 
will result in the formation of plutonium-240. The latter can, in tar, also 
capture neutrons to yield plutonium-241. This isotope undergoes beta dscas 
as well as neutron capture, so that other species are formed. An indication of 
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some of the processes taking place in a reactor containing uranium-235 

uranium-238, or both, are given in Fig. 7.1; vertical arrows pointin vd 
represent beta decay, horizontal arrows pointing to the right are for (n. it 
tions, and those pointing to the left are for (n, 2n) reactions with fast eeaieaedl 
hose species which do not undergo beta decay are alpha active, 
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7.11. The conclusion of immediate interest to be drawn from Fig. a1 is ey 
in a reactor which operates for some time, various isotopes of Benen: if . 
tunium, and plutonium, as well as of the heavier elements, americiu ani 
atomic number 95), and curium (Cm, atomic number 96), may ne 7 ie 
This is referred to as a “heavy isotope ee : . Ba cata on i 

tors which are expected to ope ng t 1 
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addition, the spent fuel will be associated with a large number of fission products — 
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CHEMISTRY OF THE HEAVY. ELEMENTS 


LANTHANIDE AND ACTINIDE SERIES 


7.14. It is well known that the sixth period of the periodic system of the ele- 
ments contains a group of fifteen consecutive elements, generally known as the 
rare-earth series, having closely related chemical properties. This group owes 
its existence to special circumstances in connection with the arrangement of the 
orbital electrons (§ 1.46) of the various atoms, as indicated in Table 7.1.* The 


TABLE 7.1. ELECTRONIC CONFIGURATION OF ELEMENTS IN SIXTH PERIOD 





Numbers of Electrons 





Shells Shell 4 Shell 5 Shell 6 

Element At. No. 1, 2,3 4s 4p 4d 4f 5s 5p 5d 6s 
Cesium 55 28 2 6 10 — 2 6 — cy 
Barium 56 28 2 6 10 — 2 6 — 2 
Lanthanum 57 28 2 6 10 — 2 6 1 2 
Cerium 58 28 2 6 10 1 2 6 1 2 
Praseodymium 59 28 2 6 10 2 2 6 1 2 
Lutetium 71 28 2 6 10 14 2 6 1 2 





first two members of the sixth period, i.e., cesium and barium, have one and 
two electrons, respectively, in the outermost (sixth) shell, although the fourth 
and fifth shells are still incompletely filled. With the next element, lanthanum, 
the situation arises in which a more stable system results by the additional 
electron going into an inner (fifth) shell rather than into the outer (sixth) shell. 
In the succeeding fourteen elements, the greatest stability is achieved by the 
gradual filling up of a still-vacant (4f) sublevel in the fourth electron shell. 
7.15. The fourteen 4f electrons are too deep within the atom to have much 
influence on the chemical properties of the elements ; these properties are largely 
determined by the three outermost electrons, one in the fifth (5d) shell and the 
other two in the sixth (6s) shell. Consequently there exists a series of fifteen 
elements from lanthanum (atomic number 57) through lutetium (atomic num- 
ber 71) having similar chemical properties. Although commonly known as the 
rare-earth elements, they are also referred to as the lanthanide series, after the 
name of the first member. Because they all have the three relatively loosely 
bound electrons, as stated above, the lanthanide elements form characteristic 
(hydrated) tripositive ions, e.g., Lat*, in solution. In addition, cerium forms a 


* The letters s, p, d, f are the symbols used to designate subgroups within a main group 
(or sbell) of electrons, 
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moderately stable tetrapositive ion, Cet‘, since in this element a fourth electron 
can apparently be removed without too much difficulty. 

7.16. It has long been expected that a group of related elements, similar to 
the lanthanides, should exist in the seventh period of the periodic system. Be- 
fore the discovery of neptunium, plutonium, and the other transuranium ele- 
ments, i.e., those with atomic numbers larger than that of uranium (92), the 
evidence for the occurrence of such a series was not decisive. But it is now 
apparent that there does exist, in the seventh period, a group of elements having 
definite resemblances to each other. By analogy with the rare-earth (or 
lanthanide) elements this group should commence with actinium, atomic num- 
ber 89, and so it has been called the actinide series. 


PROPERTIES OF THE ACTINIDE ELEMENTS* 


7.17. Actually, however, the marked similarities, which extend from lantha- 
num to lutetium in the lanthanide series, are not apparent for all the elements 
of the actinide series. For example, the stable tripositive (III) state, charac- 
teristic of the lanthanides, is not typical of all the actinide elements. Although 
actinium itself exhibits a stable (III) state, the next element, thorium, has a 
tetrapositive (IV) state in solution, and the succeeding element, protactinium, 
exists in a pentapositive (V) state. The most stable compounds of uranium in 
solution are those in the hexapositive (VI) state, but this element, like nep- 
tunium and plutonium, also exhibits (ITI), (IV), and (V) states. 

7.18. The known positive valence, or oxidation, states of the elements of the 
actinide series are indicated in Table 7.2. An attempt is made to express the 
relative stabilities of the different states of each element. The most stable state 


TABLE 7.2. RELATIVE STABILITIES OF OXIDATION STATES OF THE ACTINIDE ELEMENTS 





Atomic 
No. 89 90 91 92 93 94 95 96 97 98 99 100 
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*G. T. Seaborg and J. J. Katz (Eds.), ‘‘The Actinide Elements,’’ National Nuclear Energy 
Series Div. IV, Vol. 14A, McGraw-Hill Book Co., Inc., 1954; M. C. Sneed, et al, (Iids.), 
“Comprehensive Inorganic Chemistry,” Vol. 1, D. Van Nostrand Co,, Inc., 1958, Chapter 3 
(by G. T. Seaborg); M. W. Lister, Quarterly Rev, (Chem. Soc. London), 4, 20 (1950), 
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is represented by four stars, and smaller numbers of stars are used for states of 
decreasing stability. 

7.19. The situation with the actinide series is evidently more complicated 
than in the lanthanide series. In fact, there has been some controversy con- 
cerning the justification of the use of the term “actinide” to describe the series 
of elements in the seventh period. There is little doubt, however, that the 
gradual filling up of the incomplete inner (fifth and sixth) electron shells, in 
preference to the outermost (seventh) shell, does commence with actinium and 
continues through all the known heavier elements (Table 7.3).* The difference 


TABLE 7.3. ELECTRONIC CONFIGURATIONS OF ELEMENTS IN SEVENTH PERIOD 





Numbers of Electrons 











Shells Shell 5 Shell 6 Shell 7 

Element At. No. 1, 2, 3, 4 5s 5p 5d of 6s 6p 6d 7s 
Francium 87 60 2 6 10 — 2 6 — 1 
Radium 88 60 2 6 10 — 2 6 — 2 
Actinium 89 60 2 6 10 — 2 6 1 2 
Thorium 90 60 2 6 10 — 2 6 2 2 
Protactinium 91 60 2 6 10 1 2 6 2 2 
Uranium 92 60 2 6 10 3 2 6 1 2 
Neptunium 93 60 2 6 10 4 2 6 1 2 
Plutonium 94 60 2 6 10 5 2 6 1 2 





in behavior between the actinides, on the one hand, and the lanthanides, on the 
other hand, is ascribed to the expected relatively small difference between the 
energies of the electrons in the vacant fifth (5f) and sixth (6d) sublevels in 
the former series, as compared with the larger differences between the fourth 
(4f) and fifth (5d) vacant sublevels in the latter series. Consequently, whereas 
the loss of more than three electrons in positive-ion formation is rare in the 
lanthanide series, it is relatively common among the actinide elements. 

7.20. In making a broad over-all examination of the compounds of the ele- 
ments of highest atomic number, commencing with actinium (atomic number 
89), it would appear that the concept of an actinide series is reasonable. The 
properties of uranium, neptunium, plutonium, americium, curium, berkelium, 
californium, and elements 99 and 100 + in the (III) state are similar, and they 
closely resemble those of actinium. The (IV) states of uranium, neptunium, 
plutonium, and americium resemble thorium, and, although this state of pro- 


* There is some uncertainty concerning the electronic configurations of the actinide elements; 
the arrangements given here are intended primarily for illustrative purposes and may not be 
oxnct, 

} At the time of publication of this book these elements had not been named, 
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tactinium is not commonly observed in solution, it does occur in some solid 
tetravalent compounds having structures similar to those formed by the other 
elements. There is, however, one important discrepancy which should be 
mentioned. The (V) states of uranium, neptunium, plutonium, and americium 
resemble each other, but in solution they apparently differ from the (V) state of 
protactinium. Nevertheless, the corresponding solid compounds do exhibit 
structural similarities. 

7.21. If it were not for the existence of the several oxidation states of uranium, 
neptunium, and plutonium, and, in particular, the differences in their relative 
stabilities (Table 7.2), the separation of these elements from each other would 
probably have proved even more difficult than. it is at present. Whereas the 
various actinide elements have similar chemical properties in a given valence 
state, these properties are frequently quite different in the different states. For 
example, the (III) and (IV) states can be precipitated from aqueous solution by 
means of fluoride, but not the (V) and (VI) states. Further, nitrates of the (IV) 
and (VI) states are appreciably soluble in certain organic solvents, but in the 
(III) state the nitrates are virtually insoluble in these liquids. Facts of this 
kind have been utilized in the development of processes for extracting and 
separating the closely related actinide elements. 

7.22. Because of their importance in various aspects of the atomic energy 
program, the properties of the actinide elements and their compounds have 
been subjected to intensive study in recent years. As a result a great deal is 
now known of the chemistry of uranium and of some of the transuranium ele- 
ments. For the present purpose, however, it will be sufficient to touch upon 
only those aspects necessary to permit an understanding of the basic principles 
employed for the extraction of fissionable species and for the recovery of fuel 
from the spent material resulting from the operation of reactors of various 
types. The first step will be to review briefly some of the essential properties 
of the various oxidation states. 


Tur Trivositive (III) State 


7.23. In the tripositive state in aqueous solution the actinide elements exist 
as ions having the general formula M+++ (or Mt*); these ions, like other ions 
in solution, are undoubtedly hydrated, being associated with several, probably 
six to eight or more, molecules of water.* In writing chemical equations, how- 
ever, it is the general practice to omit the water of hydration, although its 
existence should be understood. 

7.24. Except for the possibility of oxidation to higher positive valence states 
in certain cases, the tripositive actinide ions closely resemble those of the rare- 


* All ions in aqueous solution are associated with a more or less definite number of molecules 
of water so that the ion is said to be “hydrated.” Some of the water molecules may be bound 
chemically to the ion, e.g., Cu(H,0)*, but there are almost invariably others, in addition, 
held by electrostatic forces, 
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earth elements, e.g., lanthanum. Like the latter, they form insoluble hydrox- 
ides, M(OH)s, and fluorides, MF3, which have little tendency to dissolve in the 
presence of excess of the corresponding anion, i.e., hydroxyl (OH-) and fluoride 
ee) ions, respectively. The carbonates, phosphates, and oxalates are also 
insoluble. The tripositive chlorides, MCl;, and nitrates, M(NOs3)s, are soluble 
in water but do not dissolve to any appreciable extent in organic solvents. The 
tendency to undergo hydrolysis and to form complexes with various anions will 
be considered later (§ 7.30, et seq.). 


Tue TETRApositive (IV) State 


7.25. In solution the tetrapositive ions of the actinide elements are in the 
form of M++++ (or M+) ions, together with a number of molecules of water of 
hydration. Apart from their oxidation-reduction behavior, they have similar 
chemical properties which are analogous to those of the rare-earth element 
cerium in the ceric (IV) state (see § 7.15). Since the tetrapositive state is 
characteristic of thorium in solution, the properties of this element may be 
regarded as typical of the (IV) state. The hydroxides, M(OH)s, and the 
fluorides, MF4, are insoluble and, like the corresponding (III) compounds, are 
not dissolved by excess of the anions. The tetrapositive phosphates and 
iodates are also insoluble. The chlorides and nitrates are soluble in water and 
are also appreciably soluble in certain oxygenated organic solvents, e.g., ethers 
esters, and ketones. The tetrapositive ions undergo marked hydrolysis and 
complex formation, as will be seen below. 


THe PENTAPOSITIVE (V) STATE 


7.26. The pentapositive actinide ions differ from the (III) and (IV) states in 
being oxygenated rather than simple ions in aqueous solution. They are pres- 
ent almost exclusively, especially in acid solution, as MO,+ ions, presumably in 
a hydrated form.* As indicated above, the chemical properties of the penta- 
positive ions of uranium, neptunium, and plutonium in solution are quite 
different from those of protactinium (V). The latter probably tends to occur 
in solution as Pat ions, but, since the corresponding base is weak, it is con- 
siderably hydrolyzed, except perhaps in strongly acidic media. The penta- 
positive (MO,*) salts of the actinide elements are soluble in water and probably 
ulso in some organic solvents, but they have, hitherto at least, played no part 
in separations processes. 

7.27. Except for neptunium (and protactinium, of course), the (V) state is 
unstable with respect to the higher (VI) and lower (III) and (IV) oxidation 
states. Consequently, as will be shown below, spontaneous “disproportiona- 
tion” occurs in solution, whereby two pentapositive ions essentially oxidize and 


* The pentapositive condition of M in MOy* ean be ideri 
t understood t 
to bo made up of M" and two Om* ions, Le, (OM MO) MO", Brsarase rege te ro) 
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reduce one another to form a hexapositive and a tetrapositive ion. Where the 
tripositive ion is fairly stable, as it is for plutonium, this will also be formed. 


Tue Hexapositive (VI) State 


7.28. The hexapositive (uranyl) state of uranium, which is the most stable 
under ordinary conditions, has been well known for many years. Studies of 
the transuranium elements have served to show that, in their chemical properties 
in the (VI) state, other than those concerned with reduction to lower oxidation 
states, they are similar to uranium (VI). Hence the chemistry of the latter 
may be taken as typical of the hexapositive state. In acid solution the pre- 
dominant ions have the formula MO,++ (or MO;**), although at low acidities 
hydrolysis results in the formation of M:0;**, and M;O,*t*, at least in uranium 
solutions.* The simple salts of MOz* ions, e.g., chloride, fluoride, nitrate, and 
sulfate are nearly all appreciably soluble in water, and the nitrates, in particular, 
dissolve readily in oxygenated organic solvents. The considerable solubility of 
uranyl nitrate hexahydrate, UO2(NOs)2-6H,O, in ordinary ether, for example, 
has been used in a commercial method for extracting and purifying this salt. 
One of the characteristic properties of the hexapositive state is the sparing solu- 
bility of the double salt of the acetates with sodium acetate; its general formula 
is NaAc-MO:Ac2 or Na(MOz2)Acz, where Ac represents the acetate radical, 
—C2H;O02. 

7.29. The addition of alkali to a uranyl (UO,*”) solution results in the precipi- 
tation of uranate salts in which the uranium is present in the anion, i.e., in the 
negative ion. These precipitates are generally regarded as diuranates, e.g., 
NasU.O, and (NH,)2U20;, analogous to the familiar dichromates, but there is 
some doubt as to their exact composition. Neptunium and plutonium appar- 
ently behave in a similar manner, although the plutonium compounds (plu- 
tonates) are more soluble than the corresponding uranates. 


ComPpLex FORMATION 


7.30. In many cases, a cation, especially if it has a high (positive) charge, is 
able to attach to itself one or more anions to produce what is called a “‘complex.” 
Such complexes may have a net positive charge, e.g., ThF**, ThF,+’; they may 
be neutral, e.g., UO.SO.; or they may be negatively charged, e.g., UO2(SOx)2. 
The tendency to form complexes in any given case depends on both the cation 
and the anion concerned. For the elements of particular interest in separations 
chemistry it appears that, in first approximation at least, the formation of com- 
plexes involves electrostatic forces between the positive and negative ions. In 
these instances it is found, as a general rule, that the higher the charge on the 


* The MO,* ions may be thought of as arising from the combination of M** and two Om 
ions. The M,O;*2 and M;O,** may be considered as MO,t®»MOs and MO,t*+2MOsg, respec: 
tively; MOs is the typical oxide of the hexapositive state, 
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cation and the smaller its size, the greater is the tendency to form complexes 
with a given anion. 

7.31. In comparing the (IV) and (III) states of the actinide elements, it is 
known that the bare tetrapositive ians, i.e., M**, not only have a higher charge 
than the corresponding tripositive ions, i.e., Mt*, but they are also smaller in 
size.* Thus both charge and size indicate a greater tendency to form complexes 
by the tetrapositive ions, and such experimental observations as have been 
made lend support to this expectation. The complexes formed with a given 
anion by the tetrapositive actinide ions in solution are considerably more stable 
than those formed by the tripositive ions. 

7.32. If the (V) and (VI) states existed as simple ions, i.e, M*+> and M+, they 
should exhibit an even greater tendency to form complexes. As stated above, 
the positive ions in solution for these oxidation states are MO,.* and MO,*, 
respectively, and this is, in fact, a manifestation of the strong complex-forming 
tendencies. However, the MO,* and MO,*? ions can themselves form relatively 
stable complexes with anions. In these cases the effective charge, which deter- 
mines the relative stability of the complexes, is influenced both by the net 
charge, i.e., one and two, respectively, and also by the charge on the M atom, 
i.e., five and six, respectively. Thus, as far as complex formation is concerned, 
MOz* behaves as if it had a charge between 2 and 3, and MO,?? as if its charge 
were between 3 and 4. Consequently the tendency to form complexes by the 
four oxidation states of an actinide element decreases in the following order: 


Mt > MO,*2 >M?> MO,+ 
for a given anion. 

7.33. An examination of the effect of the anion on the complexes formed by a 
specific cation shows that there is a rough parallelism between the stability of 
the complex and the weakness of the acid formed by the anion. Thus, in con- 
sidering the monobasic inorganic acids, hydrofluoric acid is one of the weakest 
in aqueous solution, and fluorides (F—-) tend to form the most stable complexes. 
On the other hand, the perchlorate ion (ClO,;-), which is the anion of the strong 
perchloric acid, exhibits little tendency to form complexes. The anions of 
dibasic acids carry a double negative charge; consequently such ions as sulfate 
(SOx) and oxalate (C,O,-*) usually form more stable complexes than do singly 
charged anions. The fluoride ion is an exception to the general rule, and the 
complex-forming tendencies of a number of common inorganic anions (in dilute 
acid solution) decrease approximately in the order, 


ee > 3 PO, > SO, > NO;- > Cl= > Clos, 


for a given cation. The anions of weak organic acids often form exceptionally 
stable neutral complexes, some of which are of interest in connection with chemi- 


* The radius of the Pu’ ion in a erystal lattice is 0,86A, as compared with 1,01A for the 
Put’ ion, 
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cal separations. Further reference to such complexes and their stabilities will 
be made later. 

7.34. It should be emphasized that the generalizations made above concern- 
ing the relative tendencies of various cations and anions to form complexes are 
to be regarded as a rough guide to the expected behavior. Although they are, 
on the whole, adequate for the purpose of the present chapter, it should be borne 
in mind that cases may arise in which complex formation is highly specific and 
is not related to the size and charge of the ions concerned. 

7.35. In a solution containing a complex (or complexes) there will be an 
equilibrium between each complex, on the one hand, and the simple constituent 
ions, on the other hand. For example, in a solution containing tetrapositive 
M+ ions and sulfate ions, the equilibrium 


M* + SOc? = MSOs” 


will be established. It is therefore apparent from the law of mass action that 
the proportion of the element M present as the complex ion MSO,*” will be 
increased by increasing the concentration of sulfate ions. At sufficiently high 
concentrations some of the M+ ions may unite with two SO, ions forming the 
undissociated (or neutral) complex M(SO,)2. At still higher concentrations, it 
is possible that a negative complex may form; thus, 


M+ + 380.7? = M(80,)3"?. 


In any given solution, several different complexes may be present, the relative 
amounts depending on the stabilities of the complexes and the over-all concen- 
trations of the positive and negative ions. The greater the ratio of anion (nega- 
tive ion) to cation (positive ion) concentration, the larger will be the proportion 
of the metal present in complex form and the greater the tendency to form species 
of increasing complexity. 


Hypro.uysis oF Positive Ions 
7.36. Hydrolysis, which refers to the interaction of ions with water, is, in 
certain respects, analogous to complex formation involving a weak acid. In the 
case of hydrolysis, water is the weak acid. Thus the first stage of hydrolysis 
of the M+ ion would be represented by 


M+‘ + H,O = M(OH)** + Ht, 


as compared with the first stage of complex formation involving the weak acid 


HA, viz., 
M+ + HA = MA? + Ht. 


In accordance with the resemblance between hydrolysis and complex formation, 
it has been found in many cases that the tendency for a cation to undergo 
hydrolysis is greater the greater its charge and the smaller its radius, ‘Thus, 
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for the different oxidation states of an actinide element, the order of decreasing 
tendency to hydrolyze is 


Mt > MO,12 > Mt > MO,+ 


at equivalent concentrations. 

7.37. It may be noted, in passing, that the occurrence of the (V) and (VI) 
oxidation states as MO.+ and MO,* ions in aqueous solution is probably to be 
attributed to the strong tendency for the M+® and M+ ions to suffer hydrolysis. 
For example, the interaction of M+ with water may be represented as 

Mt + 4H.O = 4H+ + M(OH),+ 
If 
MO,+ + 2H:O 
or 
M* + 2H.O0 = MO,t + 4H+. 


7.38. Since hydrolysis is always accompanied by the liberation of hydrogen 
ions, it is apparent that the extent to which a particular ion is hydrolyzed will 
depend on the acidity of the solution. At low acidities, i.e., at low hydrogen-ion 
concentrations, the equilibrium is shifted to the right and hydrolysis is in- 
creased. Conversely, in a sufficiently acid solution, i.e., at high hydrogen-ion 
concentrations, hydrolysis can be suppressed almost completely. 

7.39. Because of the considerable hydrolysis undergone by highly charged 
positive ions in solutions of low acidity, such solutions tend to precipitate either 
a basic salt, i.e., a salt of a complex cation containing one or more hydroxyl 
groups such as MOH**, M(OH).**, or M(OH);*, or the hydroxide of the metal, 
e.g-, M(OH)., these representing increasing degrees of hydrolysis. Although 
the basic salts and hydroxide are usually insoluble in water, they frequently 
remain in colloidal solution, particularly at the lower concentrations. Such a 
colloid is readily formed in tetrapositive plutonium solutions of low acidity 
(0.1 molar or less). The colloid is sometimes referred to as ‘polymerized plu- 
tonium (IV)” or “plutonium (IV) polymer” since it consists of an aggregation 
of molecules containing tetrapositive plutonium. It is somewhat unreactive 
and requires heating with concentrated acid to restore it to true solution. 

7.40. In the presence of anions which form complexes, the tendency for 
hydrolysis to occur at a given hydrogen-ion concentration is decreased. The 
reason is that, when complex formation is considerable, the concentration of 
free cations is greatly reduced, and the hydrolytic equilibrium, represented in 
§ 7.36, is moved to the left. Alternatively, it may be considered that water 
molecules and complex-forming anions compete for the free cations in the solu- 
tion; consequently formation of complexes suppresses the hydrolysis. 


OXIDATION-RepuCcTION Propprries or Actintipn Ions 


7.41, The fundamental stabilities, with respect to one another in solution, of 
the various oxidation states of an clement are best represented by means of the 
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oxidation-reduction potentials of the different combinations. These are usually 
expressed, for simplicity, as the “formal” potentials. The formal potential is 
that acquired by an inert, e.g., platinum, electrode when inserted in a solution 
containing one formula weight of each of two oxidation states. For example, 
the formal oxidation-reduction potential of the (III)/(IV) system in a chloride 
solution would be the potential of an inert electrode in a solution containing one 
formula weight of MCI; and one of MCl, in a specified volume, usually 1 liter. 
When the oxidation-reduction potential depends on the hydrogen-ion concen- 
tration of the solution, as it does when the higher oxidation state is (V) or (VI) 
and the lower state is (III) or (IV), then the formal potential is that for a solu- 
tion containing 1 mole of acid per liter. 

7.42. If the salts (and the acid) were completely dissociated into simple ions 
with no complex formation and the activity coefficients were always the same, 
the formal potentials would be independent of the anions (or acid) present. 
However, these conditions are usually far from being satisfied in practice, and 
so formal potentials are given, when possible, for perchlorate solutions. Such 
systems most closely approach the ideal conditions for a high degree of dissocia- 
tion into simple ions and relatively little tendency to form complexes (§ 7.33). 

7.43. The formal potentials in volts of four combinations of the oxidation 
states of uranium, neptunium, plutonium, and americium are recorded in Table 
7.4; the (III)/(IV) and (IV)/(VI) potentials are also plotted in Fig. 7.3. Most 
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of the values have been determined by direct measurement, but others have 
been calculated or estimated in various ways.* The more positive the poten- 
tial, the greater the tendency for the lower state to become oxidized to the 
higher state, whereas the reverse is true the more negative the potential. 


TABLE 7.4. FORMAL OXIDATION-REDUCTION POTENTIALS IN VOLTS 


Element (IIT)/(IV) (IV)/(V) (V)/(V1I) (IV)/(VI) 
Uranium +0.63 —0.61 —0.06 —0.33 
Neptunium —0.15 —0.74 —1.14 —0.94 
Plutonium —0.98 —1.15 —0.93 —1.04 
Americium —2.4 —1.4 —1.6 —1.5 


7.44. An examination of the data in Table 7.4 and Fig. 7.3 reveals a number 
of important and interesting facts concerning the oxidation-reduction properties 
of the four elements. The steadily increasing negative values of the (III)/(IV) 
potentials indicate increasing stability of the (III) state with increasing atomic 
number of the element, from uranium to americium. The high positive value 
of the (IIT)/(IV) potential for uranium means that uranium (III) is so unstable 
with respect to uranium (IV) that it will be oxidized by water in aqueous solu- 
tion. Reduction of uranium to the (III) state is therefore very difficult, and 
even when formed the solution of uranium (III) will reoxidize spontaneously. 
The small negative neptunium (III)/(IV) potential shows that, although 
neptunium (III) is somewhat more stable than uranium (III), it is nevertheless 
also easily oxidized in solution. In fact, exposure to air results in the ready 
oxidation of neptunium (III) to neptunium (IV). 

7.45. The ease of oxidation from the (IV) to the (VI) state evidently de- 
creases with increasing atomic number, as shown by the potentials in the last 
column of Table 7.4 (also Fig. 7.3). Thus, at one extreme, uranium (VI) is 
very stable and is difficult to reduce, whereas, at the other extreme, americium 
(VI) can be obtained only by very strong oxidation of the (III) or (IV) state. 
Uranium, neptunium, and plutonium can be oxidized to their (VI) states by 
means of a moderate oxidizing agent, such as hot bromate in acid solution. A 
fairly mild reducing agent, e.g., iodide ions, can then reduce the neptunium and 
plutonium to the (III) or (IV) state, but the uranium (VI) will be unaffected. 

7.46. It is important to note, in connection with various separation processes, 
that, in a solution containing uranium (VI) and plutonium (III) or (IV), the 
uranium will not oxidize the plutonium or the plutonium reduce the uranium 
because of the small negative values of the uranium (IV)/(VI) and (V)/(VI) 
potentials. The data in Table 7.4 indicate, however, that uranium (VI) should 
be capable of oxidizing neptunium (IIT) to the (IV) state, that is to say, nep- 
tunium (IIT) should be able to reduce uranium (VI), 


* It will be noted that the ([V)/(VI) potential is equal to $[(IV)/(V) + (V)/(VI)]. 
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7.47. Because of the similar values of the (IV)/(VI) potentials for neptunium 
and plutonium, it is apparent that neptunium (VI) and plutonium (VI) can be 
reduced to the (IV) state with approximately the same ease. But, owing to the 
closeness of the plutonium (IV)/(VI) and (III)/(IV) potentials, the reduction 
of this element will proceed to the (III) state if the conditions are suitable for 
the reduction of plutonium (VI). With neptunium, the reduction can easily 
be stopped at neptunium (IV) since a more powerful reducing agent is required 
to convert this to the (III) state. 


Errect oF ComMpLEX FORMATION 


7.48. The reduction of plutonium (VI) can be stopped at the (IV) stage by 
taking advantage of the effect of complex formation; this will change the con- 
centration of the simple ions present in solution and will thereby affect the 
oxidation-reduction potential. The latter is given approximately by the 


equation 
2X 10“*T 


Pahies , lo higher oxidation state] (7.48.1) 


[lower oxidation state] ’ 


where H; is the formal potential (Table 7.4), 7’ is the Kelvin temperature, n is 
the difference in the number of charges on the metal atom in the higher and lower 
oxidation states,* and the quantities in the brackets refer to the concentrations 
of the respective simple ions. Thus, if the higher oxidation state forms com- 
plexes so that the concentration of free ions is reduced, the oxidation-reduction 
potential, as given by equation (7.48.1), will become more positive. Alterna- 
tively, if the complex formation takes place preferentially with the lower 
oxidation state, the potential will become more negative. 

7.49. As stated earlier, tetrapositive ions have a greater tendency to form 
complexes with anions than do tripositive ions under the same conditions. 
Hence the presence of complex-forming sulfate ions in a plutonium system will 
make the (III)/(IV) potential more positive so that the reduction of the (IV) 
to the (III) state will be more difficult. By adding sulfate to the solution and 
making a proper choice of reducing agent, it is thus possible to halt the reduction 
of plutonium (VI) at the (IV) stage with very little formation of plutonium (III). 


INFLUENCE OF HyYDROGEN-ION CONCENTRATION 


7.50. When the oxidation or reduction process involves a change in the num- 
ber of hydrogen ions, the potentials will be affected by the acidity of the solution. 
The (IIT)/(IV) and (V)/(VI) systems may be represented by 


Mt = M+ + e- 
and 


MO,* = MO," + e>, 


*The number of charges on the metal atom is the same as the number designating the par- 
ticular oxidation state, ie, 8, 4, 5, or 6 for the (IID, (IV), (V), or (VI) atute, respectively, 
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respectively, where e~ indicates a negative charge, i.e., an electron. The 
oxidation-reduction potentials are thus independent of pH, except in so far as 
the concentrations of the free ions may be affected by hydrolysis. 

7.51. In the (IV)/(V) and (IV)/(VI) systems, however, hydrogen ions are 
concerned, as is evident from the equations, 


Mt + 2H.0 = MO,+ + 4H+ + e~ 

and 

M* + 2H,0 = MO,*? + 4H+ + 2e7, 
so that the potentials will vary with the acidity. In each case the hydrogen 
ions are part of the higher oxidation state, and so the concentration of these ions 
will appear as a factor in the numerator of equation (7.48.1). It can be seen 
therefore that, for both (IV)/(V) and (V)/(VI) systems, decreasing the acidity, 
Le., decreasing the hydrogen-ion concentration or increasing the pH, will make 
the oxidation-reduction potential more positive. Consequently reduction of 
either the (VI) or the (V) state to the (IV) state will be more difficult the less 
acid the solution. On the other hand, oxidation of the (IV) state will be 
facilitated by a decrease in the acidity. Because of the increasing tendency for 
hydrolysis and precipitation (or colloid formation) to occur, there is a practical 
limit to the extent to which the acidity may be decreased. 


RATES OF OXIDATION-REDUCTION REACTIONS 


7.52. Although the oxidation-reduction potentials indicate whether or not a 
particular process is possible under specified conditions, they provide no infor- 
mation concerning the rates at which the reactions will occur. A rough guide 
to this aspect of the problem is provided by considering whether a particular 
reaction requires the breaking and making of bonds or whether electron transfer 
only is involved. In the former case the reaction is likely to be slow, but in the 
latter case it will usually be rapid. As can be seen from the equations in § 7.50, 
in the oxidation of M*+* to M+ or of MO.+ to MO.*, or in the corresponding 
reductions, no bonds are broken. Hence, if the reagent used for oxidation or 
reduction is one in which there is only a transfer of electrons, e.g., ceric, ferric, 
or argentic ions for oxidation, and ferrous or iodide ions for reduction, these 
reactions will probably occur rapidly. 

7.53. Since oxidation of M+ to MOz* or to MOz*? or the corresponding reduc- 
tions require the breaking and making of bonds, in the water molecules as well 
as in the MO,* or MO,** ions (§ 7.51), these processes will usually be slow. 
Advantage may be taken of the difference in oxidation or reduction rates in 
order to favor the temporary formation of one particular state of an element in 
preference to another. 


DISPROPORTIONATION REACTIONS 


7.54. The possibility of disproportionation, i.c., simultaneous oxidation and 
reduction of the (TV) state into the (IT) and (VI) states-or of the (V) state into 
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the (IV) or (III) and (VI) states, can be readily determined from the oxidation- 
reduction potentials in Table 7.4. For the disproportionation of the (IV) state, 
written symbolically as, 

3(IV) = 2(1ID) + (VI) 


or, more explicitly, as 
3M+4 + 2H.0 = 2M+# + MO,” + 4H, 


the so-called ‘“‘disproportionation potential” is equal to the difference between 
the (IV)/(VI) and the (III)/(IV) potentials. Similarly, for the disproportiona- 
tion of the (V) state, i.e., 
2(V) = (IV) + (VI) 
or 
2MO,*+ + 4H+ = M*4 + MO,*? + 2H,0, 


the potential is the difference between the (V)/(VI) and (IV)/(V) oxidation- 
reduction potentials. The more positive the disproportionation potential, the 
greater should be the tendency for the process to occur. 

7.55. The values of the disproportionation potentials of uranium, neptunium, 
and plutonium, calculated in the manner just indicated, are given in Table 7.5. 


TABLE 7.5. DISPROPORTIONATION POTENTIALS IN VOLTS 





Element 38(IV) = 21I]I) + (VI) | 2(V) = IV) + (VI) 
Uranium —0.96 +0.55 
Neptunium —0.79 —0.40 
Plutonium —0.06 +0.22 








It is apparent that uranium (IV) and neptunium (IV) will be relatively stable 
with respect to disproportionation, but plutonium (IV) should exhibit an appre- 
ciable tendency to undergo such reaction. It has been found experimentally 
that, upon standing at 25°C, a solution consisting initially of a pure plutonium 
(IV) salt in 0.5 molar hydrochloric acid contains 27.2 per cent of the (III) state, 
58.4 per cent of the (IV) state, and 13.6 per cent of the (VI) state; the remaining 
0.8 per cent or so is in the (V) state. With regard to the disproportionation of 
the (V) state, the negative potential for neptunium implies that pentapositive 
neptunium is much more stable than the corresponding forms of the other two 
elements. Under ordinary conditions, neptunium (V) appears to be the most 
stable state of this element in aqueous solution. 

7.56. The effect of hydrogen-ion concentration on the disproportionation 
potential is determined by its effect on the oxidation-reduction potentials in- 
volved. However, it is obvious, by application of the law of mass action to the 
equilibria in § 7.54, that increase of hydrogen-ion concentration will suppress 
disproportionation of the (IV) state but will favor that of the (V) state. Thus 
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by decreasing the acidity, i.e., increasing the pH, the stability of the (V) state 
can be favored.. Because of the increase in hydrolysis and the consequent pos- 
sibility of causing precipitation or colloid formation, there is a limit to the 
increase in pH. There is thus an optimum stability range of pH for the penta- 
positive state; for uranium this has been estimated to be from pH 2 to 4. 

7.57. In the foregoing treatment it has been supposed that the (V) state 
disproportionates into (IV) and (VI). There is, of course, the possibility that 
the (IV) state so formed will disproportionate to some extent into (III) and (VI). 
In the case of uranium (V), it is apparent from the data in Table 7.5 that dis- 
proportionation will occur largely into the (IV) and (VI) states. The dispropor- 
tionation of plutonium (V), however, will yield (III), (IV), and (VI) states, 
leaving a small amount of the (V) state. The actual relative concentrations 
of the various states will depend on the character of the ionic medium, e.g., the 
nature and concentrations of the anions present. 

7.58. Because disproportionation reactions all involve something more than 
electron transfer, it is expected that they will occur relatively slowly. Actually, 
since a large number of molecules or ionic species take part, e.g., 3M+! and 
2H20 or 2MO.* and 4H*, these reactions must occur in stages, at least one of 
which may be slow. 

7.59. It should be understood that the disproportionation reactions consid- 
ered above and the reverse reactions represent aspects of the various equilibria 
existing among the ions of the four oxidation states that are present in solutions 
of uranium, neptunium, or plutonium. In principle all the possible ions, MO.*, 
MOs*t, M*4, and M*%, are always present, but the relative amounts at equilibrium 
are determined by the concentration of the solution, its acidity, and the presence 
of complex-forming anions and oxidizing or reducing agents. In this connection 
it may be pointed out that water can act in either of the latter capacities. In 
spite of the apparent complexity of the situation, it is nevertheless usually pos- 
sible to adjust the conditions so that one particular oxidation state predominates 
over all others. 


CHARACTERISTICS OF THE FISSION PRODUCTS 


ReEtative ImMporTANcE oF Fission Propucts 


7.60. It was seen in § 2.173 that the fission products are a mixture of more 
than 30 elements, from zine (atomic number 30) to gadolinium (atomic number 
64). Actually some 200 different isotopes have been detected, because most of 
the primary fission fragments are radioactive and undergo several stages of 
beta decay (§ 2.178). But from the chemical standpoint it is the nature of the 
elements present in the fission products that is important. The fact that most 
of them exist in several different isotopic forms is of no significance since the 
inxotopes of a given element have essentially identical chemical properties. Any 
chemical process which removes one of the isotopes will remove all of them, 
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7.61. The considerable number of different elements in the fission products 
and the intense radioactivity of the mixture make the isolation and purification 
of the desired products, e.g., plutonium and uranium, a very difficult problem. 
This is accentuated by the great divergence in the amounts of the various species 
(see Fig. 2.25) and the abnormal behavior frequently exhibited by certain ele- 
ments in very dilute solutions. Fortunately the situation is somewhat sim- 
plified in practice because, for reasons given below, fission products of very short 
or very long half life or which emit only beta radiations of fairly low energy can 
be largely ignored in the separation process. The same is true, for obvious 
reasons, for species which are formed in negligible yields; that is to say, they are 
the products of a very small proportion of fissions. 

7.62. After removal from a reactor a spent fuel element is stored under water 
for a period, which may be as long as 100 days, before processing. ‘This is gen- 
erally referred to as the “cooling” period (see § 2.182). Its purpose is partly to 
permit the beta- and gamma-active neptunium-239, having a half life of 2.3 
days, to decay almost completely to plutonium-239. Although most of the 
neptunium would probably be extracted with the plutonium in the separation 
process so that little of the latter element would be lost, the gamma activity of 
the product would be a serious hazard. It is consequently simpler to allow 
time for the neptunium to decay before treatment rather than after. During 
the cooling period, iodine-131, a fission product with a 8.0-day half life, which 
would be a radiation hazard if present in the gases from the processing plant, 
also undergoes considerable decay. At the same time, all short-lived fission 
products decay to such an extent that they are no longer significant as far as 
separations chemistry is concerned. 

7.63. Within reasonable limits, fission products emitting beta particles of low 
energy, e.g., less than 1 Mev or so,* and no gamma radiation can be ignored 
since they do not represent an important hazard in the handling of the final 
product. Further, species with long half lives are not important since they 
decay (and emit radiation) at a very low rate. It is understood, of course, that 
isotopes having large capture cross sections for neutrons must not be present in 
appreciable amounts. 

7.64. Based on the assumption that there is an ample cooling period before 
processing irradiated fuel elements, it is possible to draw certain conclusions 
concerning the importance of various fission products. It should be pointed 
out that the long cooling time means that there is a considerable hold-up of both 
fertile and fissionable material. It is possible that in the future it may become 
desirable or necessary, for economic reasons, to process reactor fuel after a short 
time interval. The circumstances will then be somewhat different since fission 
products of relatively short life will still be present. Nevertheless, the general 


* Apart from the high-energy beta particles themselves, the bremsstrahlung accompanying 
their deceleration in passing through matter (§ 2.24) must not be overlooked, 
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ideas expressed below will provide a basis for understanding the situation under 
different conditions. 

7.65. Before considering the fission products from the standpoint of their 
chemistry, it is of interest to examine the curves in Fig. 7.4.* These show the 
major contributions to the total fission product radioactivity (in curies) made 
by a number of isotopes a‘ter various cooling times. The results are based on 
the supposition that the fiel elements have been in a reactor for an extended 
period so that at the time of shut-down an approximate condition of equilibrium 
has been attained. It will be evident from the figure that the isotopes of some 
twelve or thirteen elements are responsible for nearly all of the activity after 
100 days or so of cooling. 


Fission PropucTS AND THE PERIODIC SYSTEM 


7.66. Since elements in the same group of the periodic system have similar 
chemical properties, it is convenient to consider the fission products according 
to the groups in which they appear. The treatment will be restricted to those 
isotopes formed in appreciable amounts. 


Group O 

7.67. The gaseous fission products, krypton and xenon, belong to this group. 
These elements are chemizally inactive and are expelled with the stack gases 
when the fuel element is dissolved. The elements of Group 0 are thus not 
important in the separatioas process chemistry. 


Group I 


7.68. This group is represented by rubidium and cesium in the A subgroup 
and by silver in the B subgroup, but, because of their short half lives or low 
yields, none of the isotopss of rubidium and silver need be considered here. 
Cesium, however, has two isotopes of long life. Cesium-135, formed with 5.9 
per cent yield (§ 2.173), has a half life of 3 X 10° yr, but this is so long that the 
disintegration rate is negligible in comparison with that of cesium-137 (half life 
33 yr) formed in 6.2 per cent yield. Nevertheless cesium is no problem in fuel 
processing because all the common salts are appreciably soluble in water but 
insoluble in organic liquids.) Separation of cesium is therefore a simple matter. 


Group II 


7.69. Among the fission products there are strontium and barium in Group 
JIA and zine and cadmium in Group IIB. Here again the members of the B 
subgroup are of no importance in processing because of the small yields or the 
short half lives of their isotopes. The alkaline-earth elements strontium and 
barium, however, have a number of isotopes of fairly long life formed in appre- 
ciable yields as a result of fission; they are strontium-89 (half life 53 days), 

“See also, H. I’, Hunter and N, E. Ballou, Nucleonics, 9, No. 5, O-2 (1951). 
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strontium-90 (half life 28 yr), and barium-140 (half life 12.8 days). These 
three species, together with lanthanum-140, the decay product of barium-140, 
are responsible for as much as 21.7 per cent of the total fission product activity 
after 100 days of irradiation of a fuel element followed by 100 days of cooling. 
7.70. The chemical properties of strontium and barium are similar except 
that, in general, salts of strontium are more soluble than the corresponding 
barium salts. Thus, in the presence of 1 to 2M nitric acid, barium sulfate is 
effectively precipitated completely, but strontium sulfate is only partially pre- 
cipitated. Strontium phosphate does not precipitate in acid solution, although 
barium phosphate does to some extent. Similarly, whereas barium fluoride is 
completely carried down by a precipitate of lanthanum fluoride, strontium is 
carried only to a limited extent. In approximately neutral or alkaline solutions 
both strontium and barium can be precipitated as carbonate and oxalate. 


Group III and the Lanthanides 


7.71. Group IIIA is represented by gallium and indium, and Group IIIB by 
yttrium. Since the latter behaves chemically very much like the rare-earth 
elements, it is convenient to include the lanthanides with Group III, especially 
since lanthanum, at least, may be regarded as a member of the B subgroup. In 
this case it is the elements of Group IIIA which may be ignored from the stand- 
point of separation, and only those in the B subgroup that need to be considered. 

7.72. Yttrium-91 (half life 61 days), having a fission yield of 5.4 per cent, is 
the main radioisotope of this element obtained in fission. There is also yttrium- 
90 (half life 61 hr) which results from the decay of strontium-90, but, since the 
latter has a half life of 28 yr (§ 7.69), only a small amount of yttrium-90 will 
be formed during a reasonable cooling period. In any event this isotope does 
not emit gamma radiation and so it is not a serious problem. 

7.73. Eight rare-earth elements, namely, lanthanum, cerium, praseodymium, 
neodymium, promethium, samarium, europium, and gadolinium, are found 
among the fission products, but the last five need no further mention because of 
low fission yields or because of the very short or very long half lives of their 
isotopes.* Praseodymium may be of some significance for, although praseo- 
dymium-143 (half life 13.7 days), formed with a yield of 5.4 per cent, emits no 
gamma radiation, the energy of its beta radiation approaches 1 Mev, so that 
the bremsstrahlung may be important. There is a beta- and gamma-active 
isotope, praseodymium-144, with a half life of only 17.5 min, which is the decay 
product of cerium-144, referred to below. But, since the latter has a fairly 
long life, it is the chemistry of cerium, rather than of praseodymium, that is 
important in the separation process. Thus only lanthanum and cerium need 
be considered; of these, the latter is the more important, provided there has 


* Certain isotopes of samarium, europium, and gadolinium, which make a negligible con- 
tribution to the radioactivity, have large cross sections for neutron absorption, They should 
consequently be removed from material to be used as reactor fuel, 
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been an appreciable cooling period, but the reverse is true for short periods, e.g., 
40 days or less. 

7.74. Cerium-141 (half life 33 days) and cerium-144 (half life 290 days), 
which decays to the active praseodymium-144, are found among the fission 
products, the yields being 6.2 and 4.9 per cent, respectively. Thus cerium is 
responsible for both short-term and long-term radioactivity. Assuming a 
100-day irradiation time, cerium contributes 17 per cent of the total fission- 
product activity after 30 days of cooling, 15 per cent after 100 days, and 22 
per cent after 2 yr. If the fuel is processed within 30 to 40 days after removal 
from a reactor, the most important rare-earth element, because of its highly 
penetrating gamma radiation, is lanthanum-140 (half life 40 hr), the decay 
product of barium-140. 

7.75. Although yttrium does exhibit some differences in behavior from that 
of the rare-earth elements, they are, in a sense, differences of degree. For the 
present purpose it is the similarities which are more important, and the chemical 
properties mentioned below are those common to both yttrium and the lan- 
thanides. The fluorides, phosphates, carbonates, and oxalates of these ele- 
ments are insoluble in water, although yttrium carbonate and oxalate are fairly 
soluble in the presence of excess ammonium carbonate and oxalate, respectively. 
The fluorides do not dissolve in solutions of alkali fluorides or in dilute mineral 
acid containing hydrogen fluoride. The hydroxides, precipitated by alkali or 
ammonium hydroxide, are insoluble in excess of the reagent. 


Group IV 


7.76. Of the elements in Group IV, namely, germanium and tin in subgroup 
A and zirconium in subgroup B, only the latter is important in process chemistry. 
The main radioisotope in fission products is zirconium-95 (half life 65 days) 
formed in 6.4 per cent yield; both this isotope and its decay product, niobium-95 
(half life 35 days), emit penetrating gamma radiation. For this reason, and 
also because of its very diverse chemical properties and its high yield, zirconium 
is one of the most troublesome elements in the treatment of reactor fuel. 

7.77. In its characteristic (tetrapositive) form, zirconium exhibits amphoteric 
behavior, that is to say, the oxide (ZrO2) has both basic and acidic properties. 
Three classes of salts are known: (1) normal Zr+4 compounds, e.g., ZrCl4, which 
readily undergoes hydrolysis; (2) zirconyl compounds, e.g., ZrOCle; and (3) 
zirconates, e.g., NaeZrO; and CaZrOs, in which the ZrOz behaves as an acid. 
Addition of alkali hydroxide to an acid solution of a zirconium salt results in the 
precipitation of zirconium hydroxide, Zr(OH),; this is insoluble in excess alkali 
and is even difficult to dissolve in acid unless precipitated in the cold. The 
alkaline carbonates precipitate Zr** as a basic carbonate, which is soluble in 
excess reagent but is precipitated on boiling. From acid solutions, phosphori¢ 
acid or phosphate precipitates Zr+4 completely as the zirconyl compound, 
ZrO(HePO,)s. 
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Group V 


7.78. Two members of Group VA, namely, arsenic and antimony, appeai 
among the fission products, but neither of these is important; in Group VB, how- 
ever, there is niobium-95 (half life 35 days), the decay product of zirconium-95 
(half life 65 days). Like its parent, niobium* is amphoteric in character. Its 
frequently uncertain chemical behavior, combined with its high yield and gamma 
activity, makes niobium one of the more difficult problems in separation proc- 
esses. 


Group VI 


7.79. This group is represented by selenium and tellurium in subgroup A 
and by molybdenum in subgroup B. Because of their very long or very short 
half lives and low yields, none of the isotopes of selenium is significant. Of 
some, although not of major, importance is tellurium-129, produced in fission 
with a yield of 0.19 per cent. This isotope is formed in an excited (isomeric) 
state, half life 33.5 days, and the decay product, normal tellurium-129, has a 
short half life (72 min), emitting beta particles of high energy and also gamma 
radiation. The radioisotope molybdenum-99, with a fission yield of 6.2 per 
cent, has a half life of 67 hr. Consequently during a normal cooling period this 
will have decayed almost completely. However, because of its gamma activity, 
it might have to be considered if the cooling period were less than about 20 days. 


Group VII 


7.80. Among the fission products, bromine and iodine are in Group VIIA 
and technetium in Group VIIB. Iodine is the only one of these elements that 
is important in fuel treatment. Bromine has no long-lived radioisotopes, and 
the only isotope of technetium formed in appreciable yield, i.e., technetium-99, 
has such a long half life (2.12 X 10° yr) that its activity is negligible. The only 
important isotope of Group VII is iodine-131 (half life 8.0 days, yield 2.8 per 
cent). Its significance lies in the fact that iodine is likely to be evolved in the 
elemental state as a vapor during processing and would thus create an airborne 
radiation hazard. As indicated earlier (§ 7.62), much of the iodine decays dur- 
ing the cooling period, and most of the remainder is evolved with the gases 
accompanying the dissolution of the fuel elements. 


Group VIII (Transition Group) 


7.81. Although three of the transition-group elements, namely, ruthenium, 
rhodium, and palladium, result from fission, only ruthenium is important in 
separations chemistry. Rhodium-106 has a very short half life, namely, 30 
sec, and palladium-107, with a half life of about 7 X 10° yr, is produced in very 
small yield, Thus both these isotopes can be ignored in the treatment of spent 


* Although chemists now call this clement “niobium,” the alternative name “columbium” 
in atill generally employed by metallurgiats and engineers (aoe Chapter VITT), 
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fuel. Ruthenium-103 (half life 41 days) and ruthenium-106 (half life 1 yr) are 
present in appreciable amounts among the fission products. The beta activity 
of the latter isotope is quite weak, but its decay product, rhodium-106 (see 
above), emits highly energetic beta particles as well as some gamma radiation. 
Because of the very short half life of rhodium-106, its parent, ruthenium, is the 
determining element as far as separations chemistry is concerned. 

7.82. On the whole, it is probably true to say that ruthenium is the most diffi- 
cult element to separate from the desired products in fuel processing. The 
reason is that, in addition to having amphoteric properties, it exhibits several, 
possibly six, oxidation states. It will be seen later that the extraction of 
uranium and plutonium depends on certain changes in the oxidation states of 
these elements. Since ruthenium may well change its oxidation state at the 
same time, it is evident that its removal may present difficulties. 

7.83. In acid solutions, ruthenium usually exists in the (III) or (IV) states, 
but in alkaline media it may occur in the (V), (VI), or (VII) states. When a 
ruthenium solution is strongly oxidized by a mixture of nitric and perchloric 
acid and is heated, the volatile oxide RuOu, representing the (VIII) state, distills 
off. Ruthenium solutions are easily reduced to the elemental state, the metal 
plating out on solid surfaces. It is either this property or the tendency of a 
hydrolytic product to form a colloid (§ 7.39) that causes considerable unexpected 
trouble in the separation processes. 


SUMMARY 


7.84. In reviewing the foregoing outline of the importance of the fission 
products, as far as processing spent fuel is concerned, it is seen that only nine 
or ten elements are of major significance. These elements are indicated below, 
together with the approximate weight percentage of each present in reactor 
fuel after 100 days of cooling following a long exposure in a reactor. 


Group II...... Strontium (3.8%) Group IV..... Zirconium (9.9%) 
Barium (4.0%) Group V...... Niobium (4.7%) 

Group III..... Yttrium (2.3%) Group VI..... Tellurium (1.2%) 
Lanthanum (4.0%) Group VII..... Iodine (0.6%) 
Cerium (10.1%) Group VIII.... Ruthenium (5.0%) 


7.85. It will be noted that these elements constitute, under the exposure and 
cooling conditions mentioned, something like 45 per cent by weight of the 
fission products. Among other elements which are present in significant 
amount, mention may be made of neodymium (10%), xenon (10%), cesium 
(10%), molybdenum (8%), praseodymium (4.5%), samarium (8%), and 
technetium (2.7%). For reasons given above, however, they either make a 
relatively small contribution to the radioactivity or are gaseous and so need 
not be considered in the present connection. 
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7.86. Of the elements tabulated, iodine presents no serious difficulties in 
separations chemistry. Part of this element is volatilized when the fuel is dis- 
solved and the remainder, like cesium, stays in solution in most precipitation 
reactions so that it can be readily separated.* The complex problem of the 
removal of over 30 elements from spent fuel, in order to recover either fertile 
or fissionable material, is thus greatly simplified. There are only nine or ten 
elements that are at all significant, and these fall into a few groups, in each of 
which the chemical properties are similar. Traces of praseodymium, resulting 
from the decay of cerium, will behave like the elements in Group III. From 
what has been indicated earlier, it will be apparent that it is only the elements 
zirconium, niobium, and ruthenium that present real difficulties in the treat- 
ment of spent reactor fuel. 


CoMPOSITION AND RapiIoactTivity oF Spent FuEL 


7.87. It was seen in § 1.87 that the fission of 1 gram of uranium-235 (or other 
fissionable species) is accompanied by the liberation of 1 megawatt-day of 
energy. Hence the production of this amount of energy in a reactor will result 
in the formation of roughly 1 gram of fission products. Suppose the Brook- 
haven (natural uranium) reactor operates at a power level of 28 megawatts; then 
after one year of full operation there will have been formed (28) (365) = 10,220 
grams, i.e., about 23 lb, of fission products. This will be present in about 50 
tons of uranium, so that the fission products will constitute about 0.023 per 
cent by weight of the spent fuel element. 

7.88. Assuming a conversion efficiency of uranium-238 to plutonium-239 of 
100 per cent, so that every nucleus of uranium-235 undergoing fission is re- 
placed by one of plutonium-239, the amount of the latter formed after one full 
year of operation of the Brookhaven reactor is also approximately 23 lb. The 
small quantity of plutonium destroyed by fission and nonfission capture reac- 
tions may be neglected. The composition of the spent fuel will thus be roughly 
as follows: 


Uranium (all isotopes)...... 99.954% 
Plutonium-239............ 0.023 
Fission products........... 0.023 


These figures are given to provide some idea of the magnitude of the problem 
involved in the recovery and purification of fertile and fissionable materials in 
the processing of spent reactor fuel. Each ton of such fuel, according to the 
foregoing considerations, will contain about 0.46 Ib of plutonium, 0.46 lb of 
fission products, and just over 1999 lb of uranium. The proportion of uranium- 
235 in the latter will have been reduced from the normal value of 0.71 to slightly 


* Nevertheless, the presence of iodine among the fission products cannot be ignored; it may 
react with the organic solvent used in some separation processes (§ 7.154) and, in any event, 
the iodine volatilized when the fuel is dissolved can cause difficulties, 
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over 0.68 per cent, partly by fission and partly by conversion to uranium-236 as 
a result of neutron capture. 

7.89. The total radioactivity of the spent fuel can be obtained from Fig. 7.5, 
which gives the activity of the fission products in terms of curies, as a function 
of cooling time, for various periods, 7'o, of operation of a natural-uranium reactor, 
at a power level of one watt.* In any particular case the actual activity can 
be determined by multiplying the value obtained from Fig. 7.5 by the actual 
reactor power in watts. 


“1 
ee To (DAYS) 
© 






hi 
[ico = 
= 
ie 
= 


0 20 40 60 80 400 {20 
COOLING TIME, DAYS 


TOTAL FISSION-PRODUCT CURIES PER WATT REACTOR POWER 


Fie. 7.5. Activity of fission products in natural-uranium fuel following 7’) days exposure 
in reactor 


7.90. For an exposure of 365 days, the radioactivity after 100 days of cooling 
is estimated from the figure to be about 0.17 curie per watt. In the case of the 
Brookhaven reactor, for which the power level has been taken as 28 megawatts, 
ie., 28 X 10° watts, the activity would thus be 4.8 < 108 curies. If the total 
amount of fuel present is 50 tons, this means an activity of 48 curies/lb of spent 
fuel. The proportion of this total contributed by any individual fission product 
can be obtained, if required, by means of Fig. 7.4. 

7.91. It should not be concluded, on the basis of these calculations, that all 
the fuel elements in a reactor are discharged for processing at one time. It is 


* See also, R. L. Koontz and A, A. Jarrett, Nucleonios, 12, No. 6, 26 (1954). 
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the general practice, where possible, to adopt a definite schedule for discharging 
and replacing a certain proportion only of the fuel elements. This procedure 
has the advantage of maintaining the over-all reactivity, since fresh fuel is 
introduced into the reactor at regular intervals. If this were not done, the 
reactivity would decline steadily over the whole period of operation. The cal- 
culations of fuel composition and reactivity made above are, nevertheless, 
applicable provided the exposure is the same as was assumed there, namely, 
(365) (28 X 10°) watt-days/50 tons of fuel, ie., 1.02 10° watt-days/Ib. 


SEPARATIONS PROCESSES: PRECIPITATION METHODS 


GENERAL PRINCIPLES* 


7.92. Four main separations processes have been proposed in connection with 
the treatment of irradiated reactor fuel. These are (1) precipitation, (2) ad- 
sorption (or sorption), (3) solvent extraction, and (4) volatilization. The basic 
principles underlying these methods for separating elements from each other 
will be considered, and some indication will be given of their possible use for 
the separation of plutonium and uranium from the fission products. 

7.93. Precipitation methods have long been used by chemists, both in the 
laboratory and on the large scale, for the separation of elements or for the re- 
moval of impurities from a desired product. In the extraction of plutonium 
from spent fuel a difficulty arises because of the small proportions of plutonium 
and of fission products present, as compared with that of uranium. The vol- 
umes of solution, at least in the early stages of the separations process, are so 
large that removal of the trace amounts of plutonium or of fission products by 
direct precipitation would not be practical. The problem can be solved by the 
use of a suitable “carrier.” This is a substance added in appreciable amount to 
a solution of a trace element, which the latter will follow in a given chemical 
procedure. In the case under consideration, the plutonium (or the fission 
products) could be precipitated with a suitable carrier, and the resulting macro- 
scopic precipitate could then be removed in the usual way, by filtration or 
centrifugation. If the precipitate contained the desired product, e.g., plu- 
tonium, a method would have to be found for removing it from the carrier. How 
this is done will be described later. 


CARRYING BY SOLID-SOLUTION FORMATION 


7.94, Several different mechanisms have been proposed to explain the carry- 
ing of trace elements by precipitates. These mechanisms are not mutually 
exclusive and one, two, or more may be operative in any particular instance. 
‘The simplest, ideal type of carrying arises when the trace element is incorporated 
into the crystal lattice of the carrier precipitate, a solid solution (or mixed 


*See A, O, Wahl and N. A, Bonner (ds.), “Radioactivity Applied to Chemistry,” John 
Wiley & Sons, Ine, 1951, Chapter 6 (by N. A. Bonner and M, Kahn), 
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crystal) being formed. This will occur, in general, when the precipitated salt 
of the trace element and of the carrier are isomorphous, i.e., they have the same 
crystalline form, and the ions of the two elements are not greatly different in 
size. Probable examples of this type of mechanism are the carrying by lan- 
thanum fluoride (LaF;) of rare-earth fluorides (MF;), and possibly also of 
plutonium (III) fluoride. 

7.95. A number of anomalous cases of carrying by formation of solid solutions 
are known; thus strontium fluoride (SrF.) and lanthanum fluoride (LaF;) co- 
precipitate in this manner, presumably because the Sr*+* and Lat? ions are similar 
in size. The resulting lattice is of the ‘“defect’’ type since some of the points 
usually occupied by the fluoride ion in LaF; will be vacant when SrF; is present. 
It has been suggested that the carrying of plutonium tetrafluoride (PuF,) by 
lanthanum fluoride is also due to anomalous isomorphism, although the Put 
ion (crystal radius 0.86 A) is considerably smaller than the Lat® ion (crystal 
radius 1.04 A). However, there is evidence that a sparingly soluble double 
salt 2LaF3-PuFy, is formed, and this may be partly responsible for the carrying. 


NERNST-BERTHELOT DISTRIBUTION LAW 


7.96. If the solid-solution precipitate were formed instantaneously or if suffi- 
cient time were allowed for the precipitate to attain complete equilibrium with 
the (liquid) solution, it is probable that the trace element would be uniformly 
distributed throughout the solid. In this event the trace element is divided in 


a definite manner between the precipitate and the supernatant solution accord- — 


ing to the Nernst-Berthelot distribution law,* i.e., 


Cone. of trace element in precipitate 
= constant (k,), 


Cone. remaining in solution 


irrespective of the initial amount of trace element in the solution. A similar 
relationship should hold for the carrier, so that 


Cone. of carrier element in precipitate 
= constant (kc). 


Cone. remaining in solution 


Upon dividing the first of these two equations by the second, the result is 
Ratio of trace element to carrier in precipitate at Bh (7.96.1) 


Ratio of trace element to carrier in solution 


where the constant D, called the homogeneous distribution coefficient, is a prop- 
erty of the particular substances, not merely the elements, which are precipi- 
tated. Thus when plutonium trifluoride is carried by lanthanum fluoride, the 
distribution coefficient at a given temperature is a property of these particular 
fluorides, as well as of the solution from which precipitation takes place. 


*The assumption is made here that both solid and liquid solutions of the trace elements 
behave ideally, 
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7.97. For good carrying it is desirable that most of the trace element should 
go into the precipitate with only a small proportion remaining in solution. In 
other words, it is necessary for the distribution coefficient D to be as large as 
possible; that is to say, the constant k; should be large with respect to k.. This 
condition can be realized, in general, if the compound of the carrier which is 
precipitated is more soluble in the aqueous solution than is the corresponding 
compound of the trace element. For example, lead sulfate is somewhat more 
soluble in water than barium sulfate, and consequently lead sulfate is a good 
carrier for barium.* On the other hand, barium sulfate would not be expected 
to be as good a carrier for the removal of lead from solution as is lead sulfate 
for barium. 

7.98. In actual practice, the usual situation is that the precipitate is neither 
formed instantaneously nor is it permitted to stand for a sufficient length of 
time for complete equilibrium to be attained with the solution. An intermedi- 
ate type of situation, which can be treated theoretically, is to suppose that the 
precipitate consists of crystals which steadily increase in size during the course 
of precipitation, equilibrium being continuously maintained between the grow- 
ing outer layer of the crystal and the existing solution. Since the composition 
of the solution changes continuously during the course of precipitation, so also 
will that of the growing crystal surface. Thus each crystal of precipitate will 
represent a solid solution of continuously varying composition from the interior 
to the outer surface. 

7.99. In this case, provided the composition of the precipitate does not change 
after its formation, it can be shown that the fraction, f;, of the initial amount of 
the trace element which has been precipitated is related to the corresponding 
fraction, f., of the carrier element by 


where D is the homogeneous distribution coefficient defined by equation (7.96.1). 
This expression is a form of what is called the Doerner-Hoskins (or logarithmic) 
distribution law. 

7.100. It is evident from equation (7.99.1) that for efficient carrying, i.e., for 
fi, the fraction of trace element precipitated, to be large for a given value of f,, 
the homogeneous distribution coefficient, D, should also be large. Qualitatively 
this is the same result as was derived for the case of the formation of a uniform 
solid solution. The general conclusions drawn above for the simple case are 
thus also applicable in the present instance. 

7.101. Mention should be made of the effect of complex-forming anions in the 
solution, which, as a general rule, tend to increase the solubility of the precipi- 
tate. It will be apparent that when the carrier element forms complexes in 
solution, but the trace element does not, the carrying will be enhanced. In these 


* This is true even though the precipitate is not necessarily a homogeneous, i.e., uniform, 
solid solution, as poatulated above (ef, § 7.100), 
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circumstances the solubility of the carrier precipitate is increased, so that k, will 
tend to decrease relative to k,, thereby increasing the homogeneous distribution 
coefficient. On the other hand, if the trace element forms such complexes 
preferentially the extent of carrying will be decreased. 


CaRRYING BY ADSORPTION 


7.102. Many precipitates, especially when freshly formed, have large surface 
areas and so appreciable amounts cf trace elements may be carried by adsorp- 
tion.* In these circumstances ther? is no obvious relation between the carrier 
precipitate and the material carried. Thus barium (II), zirconium (IV), and 
protactinium (V) are carried by lanthanum (III) fluoride from acid solutions, 
presumably by adsorption in each case. It appears, as a rough general rule, 
that highly charged positive ions ar? more readily adsorbed than those of lower 
charge. This may be due, in part at least, to hydrolysis and the consequent 
formation of colloidal solutions by tie ions of high charge (§ 7.39). 

7.103. Frequently the carrying san be improved by having excess of the 
anion, i.e., the ion of the acid, in the solution. For example, thorium-B, an 
isotope of lead, is carried much more efficiently by barium sulfate when the 
solution contains excess of sulfate ims. These ions are probably adsorbed by 
the barium sulfate, and the resulting negatively charged precipitate then 
attracts, and so carries, the positive thorium-B ions. 

7.104. Because of this effect of ihe anions, the amount of a trace element 
adsorbed by a given precipitate freyuently depends on the order in which the 
reagents are added. Thus, in the sase just considered, better carrying would 
be expected if the solution of carrier and trace element were added to the sulfate 
(or sulfuric acid) solution than if the opposite order were employed. In the 
former instance the precipitate is <lways formed in the presence of excess of 
sulfate ion, so that adsorption of the trace element is favored. t 

7.105. Apart from the effect of valence, mentioned above, and the fact that 
positive ions forming the least soluble compounds with the precipitating ion are 
usually, although not always, carried best (Fajans’s rule), adsorption is a gen- 
eral phenomenon. As a result of its nonspecific character, there are some inter- 
esting consequences. In the first place a precipitate with a very large surface 
area, e.g., manganese dioxide or ferric hydroxide, is sometimes able to carry 
down with it a number of different trace elements from solution. Such a pre- 
cipitate is then referred to as a scavnger. 


* A distinction is made between adsorpiion, in which a substance is held or carried on the 
surface only, and absorption, in which th: substance is distributed throughout the whole of 
the absorber. In many cases it is not posible to distinguish between adsorption and absorp. 
tion, and the general term sorption, without a prefix, is then used, 

+ The mixing of solutions in this order s sometimes called a reverse strike. When the pre= 
cipitating ion, e.g., sulfate in the case under consideration, is added to the solution of carrier 
and trace element, it is called a direct striki, Those terms are used irrespective of the method 
of carrying. 
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7.106. Another result of the nonspecific nature of carrying by adsorption is 
that carrying of trace elements can often be prevented by adding to the solu- 
tion a fairly large amount of an indifferent substance which is well adsorbed by 
the precipitate. By occupying most of the surface, this added substance, called 
a holdback carrier, greatly decreases the amount of the trace element which is 
carried. The presence of zirconium, for example, appreciably decreases the 
proportion of protactinium carried by lanthanum as fluoride from a hydrofluoric 
acid solution. 

7.107. Carrying by adsorption is obviously greatly dependent on the condi- 
tions existing in solution. Reference has been made above to the effect of the 
order of adding the reagents and to the influence of certain indifferent substances. 
Further, the concentrations of the trace, carrier, and precipitating ions, the rate 
of mixing of the solutions, and the temperature will all affect the quantity of 
trace element adsorbed by the carrier. The nature of the anions present will 
also have some influence, especially if they form complexes with the trace ele- 
ments; this will have the effect of decreasing the amount carried. 

7.108. For these and other reasons, it is not feasible to develop a quantitative 
expression for the amount of the trace element carried. However, from a 
knowledge of adsorption phenomena, it is possible to draw the following general 
conclusions. First, the amount of the trace element carried will increase with 
its concentration in the solution, but the fraction of the initial amount that is 
carried by the precipitate will be greater in the more dilute solutions. Since the 
trace element is inevitably present at low concentration, the circumstances are 
favorable to good carrying. Second, the quantity of trace element carried from 
a given solution increases in proportion to the mass of the precipitate formed. 
It is therefore desirable that a conveniently large amount of carrier be pre- 
cipitated. 

7.109. Although, as already stated, the amount of trace element adsorbed 
generally increases as its concentration in the solution is increased, a point may 
be reached when the surface of the carrier precipitate is saturated with the 
trace element. The amount of the latter carried will then be the maximum 
possible for the given quantity of precipitate under the existing conditions. In 
order to carry more of the trace element it would then be necessary to increase 
the proportion of carrier to trace element in the solution before precipitation. 
The effectiveness of a given carrier for a particular trace element will thus be 
determined by the relative concentrations. Difficulties arising in a particular 
situation may be overcome by changing the concentration or, if necessary, the 
nature of the carrier. Such problems are to be expected when carrying is by 
adsorption although they frequently arise when other mechanisms are operative. 


OtuEerR Types oF CARRYING 


7.110, Formation of solid solutions and adsorption represent the most impor- 
tant carrying mechanisms, but there are other types of carrying which do not 
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fall into these categories. One of them, called internal adsorption, is manifested 
by nonuniform distribution of the trace element within the carrier precipitate. 
This is attributed to adsorption of the trace element by the changing surface of 
the precipitate as the minute crystals increase in size. Since carrying by 
internal adsorption exclusively is not common, it need not be discussed further 
here. It should be noted in this connection that most cases of carrying probably 
involve two or more different mechanisms, although one type is usually pre- 
dominant. 


APPLICATIONS OF PRECIPITATION PROCESSES 


7.111. Several precipitation methods for the separation of plutonium from 
spent reactor fuel have been worked out. Most of them depend on the fact 
that the simple salts of the hexapositive state of uranium and plutonium are 
usually soluble in water (§ 7.28), whereas there are a number of compounds of 
the tetrapositive state, e.g., fluoride, phosphate, oxalate, and iodate, which are 
insoluble (§ 7.25). Consequently plutonium can be separated from uranium by 
precipitation as one of these salts from a solution containing uranium (VI) and 
plutonium (IV) nitrates. In view of the relatively low concentration of plu- 
tonium in the solution, the use of a carrier is essential. Among those which 
have been considered is lanthanum because, as stated earlier, lanthanum fluoride 
is a good carrier for plutonium. 

7.112. Some of the fission products, notably the rare-earth elements, will be 
carried down with the plutonium, and so they must be separated from the latter. 
This can be achieved by dissolving the carrier precipitate of lanthanum fluoride, 


Dissolve spent fuel in HNO, 
Reduce Pu(VI) to Pu(IV) 
U(VI), Pu(IV), and F.P. in solution 


Add La(NOs)3 carrier, precipitate with HF, and filter 


Filtrate (contains U and 
some F.P.) 


Precipitate of LaF; + PuF, (and some F.P.) 
Dissolve in acid and oxidize Pu(IV) to Pu(VI) 
Solution of La, Pu(VI), and some F.P. 
Precipitate with HF and filter 
Precipitate (LaF; and F.P.) 


Filtrate contains Pu(VI) 
Fig. 7.6. Separation of plutonium by precipitation with carrier 
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containing the plutonium, and some impurities, in a suitable acid, oxidizing 
the plutonium to the (VI) state, and then reprecipitating the carrier. Since the 
simple salts of hexapositive plutonium are soluble, the precipitate will now 
carry only the fission product impurities, leaving the plutonium in solution 
(Fig. 7.6).* 

7.113. In general, one stage of purification is not sufficient, and so the pro- 
cedure is repeated. The plutonium is reduced to the (IV) state and once more 
precipitated with a carrier. The precipitate is dissolved, the plutonium oxi- 
dized to the (VI) state, and the carrier again reprecipitated. The residual solu- 
tion will contain plutonium (VI) in relatively pure form. Zirconium (IV) and 
niobium (V) are difficult to remove since they are usually incompletely carried 
by the precipitate. This is probably because the highly charged ions of these 
elements readily undergo hydrolysis, and the products tend to remain in colloidal 
solution. 


SEPARATIONS BY SORPTION 


Mo.ecu.ar Sorprion 


7.114. Two different types of sorption phenomena have been applied in the 
separation of cations from one another. The first, and less important, involves 
a mechanism similar to that of adsorption carrying by precipitates. It may be 
regarded as molecular sorption, i.e., both positive and negative ions of a salt are 
sorbed, to distinguish it from the conic sorption, to be considered below, in which 
either positive or negative ions, but not both, are taken up from solution. 

7.115. Molecular sorption is based on the fact that certain solids, notably 
oxides, such as silica gel, alumina, and titania, can be prepared in a form in 
which they have very large surface areas per unit mass. As a result these sub- 
stances, called sorbents, are able to take up considerable amounts of various 
electrolytes, as well as nonelectrolytes, from solution. Although the sorption 
is not very selective, except possibly for the valence effect mentioned in § 7.102, 
nevertheless, some substances will be taken up by the sorbent more readily than 
others present in the same solution. This may make possible a partial (or 
complete) separation of certain ions. 


ToN-EXCHANGE SEPARATIONS { 


7.116. From the standpoint of nuclear reactor chemistry, at least, a more 
important phenomenon, which is a kind of sorption, is ion exchange. Certain 
solids, called ion exchangers, although themselves insoluble in water, are able to 

"J. 1. Plage and 1. L. Zebroski, Report AECU-1962; Scientific American, 187, No. 1, 62 
(1952). 

|. C, Nachod (Ed.), “Ion Exchange: Theory and Application,” Academic Press, Inc., 
149; R, Kunin and R. J. Myers, “Ton Exchange Resins,” John Wiley & Sons, Inc., 1950; 
J, #, Duncan and B, A, J. Lister, Quarterly Rev. (Chem. Soc, London), 2, 307 (1948), 
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exchange either positive or negative ions with ions of the same charge present 
in an aqueous solution. Jon-exchange materials of various types are known, 
but those in most general use are based on synthetic resins, consisting of insoluble 
organic polymers of high molecular weight. These are called ion-exchange 
resins. 

7.117. An ion-exchange resin consists, in general, of a loosely crossed-linked, 
polymerized organic structure to which is attached a number of active (or func- 
tional) groups. In cation-exchange resins the functional group is acidic in 
character, capable of splitting off a hydrogen ion; the “weak acid” resins usu- 
ally contain carboxylic (—COOH) or phenolic (—OH) groups and the “strong 
acid” resins the sulfonic acid (—SO3H) group. In anion-exchange resins, on the 
other hand, the active group is basic. In the “weak base” resins this is an 
amino (—N Xz) or an imino (~NX) group, where X may be hydrogen or an 
organic radical, but in those of the “strong base” type it is a quaternary am- 
monium (—NX3t) group, where X is an organic radical. 

7.118. Most of the work on ion-exchange resins hitherto has been with those 
of the cationic type because they are easier to make and are more stable to 
various chemical reagents. Among the resins which have been widely used are 
the Dowex and Amberlite products; they are available in a variety of cationic 
and anionic types. In Dowex-50 and Amberlite IR-120, for example, the func- 
tional group is the strongly acidic sulfonic acid group. These resins are effective 
over a wide range of hydrogen-ion concentrations and have high capacities for 
cation exchange. They are relatively stable to acids, alkalis, and oxidizing and 
reducing agents even at 100°C. 

7.119. The ion-exchange separation technique is particularly applicable to 


dilute solutions. It can be used for such purposes as (1) removal of desired or ~ 


undesired substances present in solution, (2) concentration (or volume reduc- 


tion) of solutions, (3) metathesis, i.e., replacement of one ion by another, and — 


(4) separation of ions from one another. From the engineering standpoint ion 
exchange is a diffusion operation involving the transfer of ions from one phase 
to another in a liquid-solid system. ‘The process is generally carried out with a 
fixed resin bed through which the solution percolates. The conditions are such 


that unsteady-state diffusion theory is applicable, the mathematical treatments 


being similar to that used in connection with batch distillation. 


GENERAL PRINCIPLES OF Ion EXCHANGE 


7.120. When a solution is brought in contact with an ion-exchange resin, an 
interchange will generally occur between the ions in solution and the mobile 
ions of the same sign from the resin. For example, a cationic resin, represented 
by H—R, where R is the insoluble resin and H is the ionizable hydrogen which 
is part of the functional (acidic) group, will exchange with positive ions, M+", 
Thus, the equilibrium 


n H—R. (resin) + M+" (soln,) = MR» (resin) ++ » H* (soln.) 
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is established, so that part of the resin is converted into M—R, while hydro- 
gen ions are set free in the solution. The amount of hydrogen ions liberated is 
equivalent to the quantity of M+* ions retained by the resin, so that electrical 
ueutrality is maintained. Similarly, for an anionic resin in the chloride form, 
ie, R—Cl, the exchange with anions, A~”, can be represented by 


n R—Cl (resin) + A (soln.) = R,—A (resin) + n Cl- (soln.), 


so that 4 portion of the A~” ions are retained by the resin while an equivalent 
amount of chloride ions is liberated in solution. 

7.121. The amount of any particular ion remaining on a given quantity of an 
ion-exchanger resin increases with the concentration of the ions in solution. 
However, there is a limit to what is called the “capacity” of the resin; this varies 
with the nature of the resin, but is generally on the order of 2 to 5 gram equiva- 
lents per kilogram of resin. 

7.122. The ability of a resin to retain (or its affinity for) different ions, under 
specified conditions, is determined by two factors; these are (1) the charge on 
the ion and (2) the size of the hydrated ion as it exists in solution. The greater 
the charge carried by the ion, either positive or negative, according to circum- 
stances, and the smaller the radius of the ion in the hydrated form the more 
strongly will the ion be retained by a given resin. For the ions Tht‘, Lat, 
Bat’, and Nat, for example, the order of decreasing retention by a given resin 
from equivalent solutions, i.e., the order of decreasing affinity, is usually 


Th** > Lat? > Bat? > Nat. 
The order of retention for the alkali metal series of univalent ions is 
Cst > Rb+ > K+ > Nat > Lit, 
and for the alkaline-earth (bivalent) metals it is 
Bat? > Sr? > Cat? > Mgt, 


at least in resins of the strong-acid type. 

7.123. It is important to note that it is the radius of the hydrated ion, i.e., of 
the ion as it exists in solution, that determines the extent to which the particu: 
lar ion will exchange with a resin. This is usually quite different from the radius 
of the bare ion, i.e., the ion as present in a solid compound, generally referred 
to as the crystal radius. In both the alkali metal and alkaline-earth metal 
series the order of increasing size of the hydrated ions is the reverse of that of 
the crystal ions. 

7.124. In the rare-earth (lanthanide) series of elements the radii of the hy- 
drated tripositive ions increase regularly with increasing atomic number. 
Hence the affinities of the rare-earth ions for a particular resin decrease as the 
atomic number increases, The same general rule is found to apply to the 
tripositive ions of the actinide series, so that the retention decreases in the order 
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Ut > Npt? > Put? > Amt > Cm?*. 


7.125. Although the retention of anions is generally determined by the same 
conditions as mentioned above for cations, the behavior is not so well defined. 
The order of the affinities of a strong-base resin for a number of common anions 
is approximately 


SO.? > CrOc? > NO; > HPO? > I- = Br- > CI. 


The apparently incorrect position of phosphate ions may perhaps be accounted 
for by the relatively large size of these ions, which outweighs the effect of their 
charge. 


SEPARATIONS BY ION EXCHANGE 


7.126. The varying affinities of different ions for a given resin can be used as 
the basis of a technique for the separation of such ions from each other. The 
procedure is carried out in two stages, namely, (1) sorption and (2) elution. In 
the sorption step the solution containing the ions to be separated is poured into 
the top of a column (or bed) filled with fine porous grains of the resin in an 
appropriate form, e.g., H—R for cations or R—Cl (or R—OH) for anions. The 
ions in solution undergo exchange with the mobile ions of the same sign on the 
resin, so that the former are gradually taken up (or sorbed) completely as 
the solution proceeds down the column. 

7.127. The elution stage represents the actual separation step. A suitable 
solution, called the eluting solution or the eluent,* is allowed to percolate slowly 
through the ion-exchange column containing the sorbed ions. These ions are 
continuously removed and redeposited as the eluent flows down the column. 
If the eluent has been properly chosen there is a degree of selectivity in these 
processes, so that the elwate, i.e., the liquid emerging from the bottom of the 
column, will contain first one, and then another, of the ions in a relatively pure 
form. 

7,128. The conditions for good separation may be understood, in a general 
way, from the following considerations. The affinity (or retention) of a par- 
ticular ionic species for a given resin may be expressed by the distribution ratio 
(or coefficient), Ka. This is defined as the ratio of the concentration of the ion 
in the resin to that in the solution at equilibrium, i.e., 


Concentration of ion in resin 
Kee ooo Dee 
Concentration of ion in solution 


at equilibrium. For two species, A and B, the separation factor, a, for a given 
resin, is the ratio of the distribution coefficients for that resin; thus, 


*The terms eluant, elutrient, and elutriant are to be found in the literature, but to the 
present writer they seem less appropriate than eluent, ’ 
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aa K.i(B 
~ Ka(A) 
Cone. of B in resin ., Cone. of A ions in solution 
™ Cone. of A in resin “~ Cone. of B ions in solution 
or 
Cone. of B in resin _ Cone. of B ions in solution (7.128.1) 
Cone. of A in resin Cone. of A ions in solution 


7.129. In order to achieve good separation of A and B in the elution stage it 
is necessary that the left side of equation (7.128.1) be made as large as possible. 
The species B will tend to be retained by the resin while A is removed by the 
eluent; A ions will thus move steadily ahead of B in the ion-exchange column 
during elution and will leave the column first. 

7.130. It will be seen from equation (7.128.1) that the ratio of B to A remain- 
ing on the resin can be made large in two ways: first, by having a large and the 
ratio of the ionic concentrations of B to A in solution not too small, and, second, 
if w is neither large nor small, e.g., about unity, the ratio of the B ions to A ions 
in solution must be large. These two conditions will be examined in turn. 

7.131. In view of the definition of the separation factor given above, a large 
value of a means that Ka(B) must be greater than K4(A); in other words, B must 
have a larger affinity for the resin than does A. In this event satisfactory sepa- 
ration can be achieved when the ions present in the solution are at more or less 
equivalent concentrations. These conditions can be realized, as a general rule, 
when A and B represent ions carrying different charges; for example, A might 
be Na+ and B could be Mgt, so that the latter has a greater affinity for a 
cationic resin than does the former. If these ions were sorbed on a resin in the 


LOADED | K& Bay [wat sia 
SECTION |} f& S . 


SEPARATING 
SECTION 





A 8 


lia. 7.7, A, Ton-exchange column before elution 
B. Ion-exchange column during elution 








410 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING (7.131 


H—R form and tien eluted with a dilute solution of a simple acid, e.g., hydro- 
chloric acid, the Na+ ions would move steadily ahead of the Mg*? ions, as indi- 
cated in Figs. 7.7 Aand 7.7, B. The first portion of the eluate to leave the col- 
umn will consist almost entirely of dilute acid and this will be followed by eluate 
containing Nat ions with very little or no Mgt? ions. The final eluate will 
contain the Mg+?ions only. The same general behavior would be observed for 
a solution containing three or more ions, provided they had appreciably different 
affinities for the resin. 

7.132. The procedure just described could also be used to separate anions 
having markedly lifferent ion-exchange affinities, e.g., SO. and Cl~ ions. The 
anionic resin would be used in the hydroxylic form, i.e., R—OH, and after 
sorption the ions would be eluted with a dilute solution of an alkali, such as 
sodium hydroxide for a strong-base resin or ammonia for a weak-base type. 
In the case mentioned, the eluate would contain first the Cl- ions and then the 
SO,- ions. 

7.133. When the affinities of the ions for a given resin are not very different 
the foregoing separation technique will not be efficient. This will be the case, 
for example, when it is required to separate a number of ions having the same 
charge, e.g., the tripositive ions of the lanthanide or actinide series. It is then 
necessary to make use of the second condition mentioned in § 7.130, namely, to 
make the ratio of B ions to A ions in solution as large as possible. This can be 
achieved by empbying an eluting solution containing anions which form com- 
plexes with A and B of differing stabilities. For example, if the complex formed 
with A is stronger than that formed with B, the ratio of free B ions to free A 
ions in solution will be large and the conditions for satisfactory separation of A 
from B will be realized. The earlier portions of the eluate will contain almost 
pure A and the later portions pure B. 

7.134. For the separation of tripositive ions, such as those of the lanthanide 
and actinide series, the most widely used eluent has been a solution of citric 
acid partially neutralized with ammonia to a pH of about 3 to 3.5. This solu- 
tion contains the H.Cit- anion which forms neutral complexes, having the gen- 
eral formula M(H,Cit)3, with tripositive ions. The stability of the complexes in 
each series increases with decreasing atomic radius, i.e., with increasing atomic 
number. Hence upon elution with the citric acid solution mentioned, the ele- 
ments appear in order of decreasing atomic number, i.e., in order of decreasing 
stability of the ccmplexes in solution. 

7.135. The twoseparation procedures considered may be regarded as extreme 
cases and various combinations are possible. The availability of both cationic 
and anionic resins and the ability to form complexes of various types make 
possible a considerable variety of separation methods. For example, although 


the primary application of anion-exchange resins is for the separation of anions, — 


they can also be employed to separate some metallic elements, which normally 
form cations in sdution. Use is made of the fact that, in the presence of excess 
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of certain anions in solution, many elements, as already seen (§ 7.35), form 
negative, i.e., anionic, complex ions. These can then exchange with the anions 
of a resin.* 

7.136. As an illustration, consider the separation of ferric iron (Fet*) and 
potassium (K+) ions. If the solution contains traces of Fet* ions in the presence 
of a large proportion of K+ ions, the most practical method of separation is to 
add an excess of chloride to the solution. The iron forms negatively charged 
complexes and so can be removed from solution by an anion-exchanger resin, 
but the potassium, which does not complex, passes through the column. The 
iron held by the resin can subsequently be removed by elution with a dilute 
chloride solution, e.g., dilute hydrochloric acid. Since the (negative) complex 
ferric anions are less stable at low concentrations of chloride, they are removed 
from the resin and are replaced by chloride ions. 

7.137. On the other hand, if the potassium were present in trace amounts and 
the ferric ions were in excess, the latter could be converted into an anionic 
complex by chloride ions and the solution passed through a cation-exchange 
resin. The potassium would undergo exchange with the hydrogen of the resin 
and be retained, but the complex ferric anions would pass through. The potas- 
sium could be removed from the resin by elution with an acid solution. 

7.138. Anion-exchange resins are particularly valuable for separating highly 
charged cations, which are relatively easily hydrolyzed. In the fairly dilute 
acid solutions frequently used for sorption by a cation-exchange resin, such ions 
would be partially, at least, in the colloidal state. In this form there would 
be no exchange with the resin, and the material would pass through the resin 
bed. The difficulty due to colloid formation can often be overcome by convert- 
ing the metallic ions into complex anions and employing anion-exchange resins. 


GENERAL ION-EXCHANGE APPLICATIONS 


7.139. Of the four applications of ion-exchange resins referred to in § 7.119, 
the basic principles of ion separation have been discussed. Before proceeding 
to consider other applications, some aspects of the ion-exchange procedure, which 
are of general significance, must be mentioned. Since the resins have a limited 
capacity for sorbing ions they are not suitable for removal of ions present at 
high concentrations. Nevertheless, an ion of low concentration may often be 
separated from one of high concentration by the use of some such procedure as 
is described in § 7.136 and § 7.137. Another matter to be borne in mind in 
connection with the use of ion exchange is the affinities of the ions for a given 
resin, If there is no appreciable complex formation, the ion with the greater 
affinity will tend to displace the one with lower affinity from the resin. But 
the situation can be greatly affected by the presence, either in the original solu- 
tion or in the eluent, of complex-forming ions, 


* Tt should be recalled, in this connection, that the citrate complexes formed in citric acid 
solution of pH about 8 are neutral and so do not participate directly in ion exchange, 
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7.140. If it is required to remove an undesired ion from solution, the simplest 
procedure is to pass the solution through a resin which has a strong affinity for 
that ion. It is important to remember, however, that the undesired ion will 
be replaced in solution by the one of the same sign originally attached to the 
resin. If removal of the unwanted ion is to be effective, it must be able to 
displace the ion already on the resin. A common procedure for the removal of 
small amounts of dissolved salts from water is to pass the water first through a 
cationic resin in the H—R form so that the cations present are replaced by 
hydrogen ions. The water is then allowed to percolate through an anionic 
resin in the R—OH condition, so that the anions are replaced by hydroxy] ions. 
In some cases the two resins may be mixed in a single (mono-bed) column. 
Thus the cations and anions in the water are removed and their place is taken 
by hydrogen and hydroxyl ions which immediately combine to form water. 

7.141. When a wanted ion is to be extracted from a solution, the latter is 
passed through an ion-exchange bed which will take up the ion. The sorbed 
material must now be removed from the resin by means of a suitable eluent. 
The presence of a complex-forming substance in this solution will greatly facili- 
tate the removal. The same principle can be used to concentrate a particular 
ion originally present in a dilute solution. It is sorbed on a resin and then 
extracted with an effective eluent. 

7.142. The method of causing metathesis, or replacement of one ion by an- 
other, by means of an ion-exchange resin is obvious, although the exact pro- 
cedure may vary according to the circumstances. If the ion already in solution 
has the stronger affinity for a resin, then the ion to be exchanged for it is first 
sorbed on the resin. It is then eluted with the given solution so that the re- 
quired interchange occurs. If the reverse is the case, so that the ion initially 
in the solution has the weaker affinity, the solution is passed through an ion- 
exchange resin so that the ion in question is sorbed. The resin is then eluted 
with a solution containing the other ion. 

7.143. In connection with the operation of nuclear reactors there are various 
directions in which ion-exchange procedures might find some application. The 
treatment of solutions obtained from spent reactor fuel presents some difficulty 
because of the large proportion of uranium and the very small amounts of 
plutonium and fission products. A possible method of separation would be to 
pass the solution through a resin which sorbed the plutonium and fission products 
but not the uranium. The plutonium could then perhaps be eluted in a suitable 
manner. Another possibility would be to find such conditions that only the 
plutonium was sorbed on an ion-exchange resin, the uranium and fission prod- 
ucts passing out with the effluent. 

7.144. The ion-exchange technique is widely employed in water treatment, 
and a similar process could be used to remove corrosion products and radioactive 
ions formed as a result of neutron capture in reactor cooling water. The same 
method could be adapted to the purification of water for various chemical 
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processing operations. Jon exchange might also be used for the separation, 
purification, and concentration of individual fission products of value for experi- 
mental or industrial purposes. As will be seen later, one of the problems of 
reactor fuel processing is the disposal of the dilute solutions of radioactive waste 
material. It is possible that concentration by ion exchange will alleviate the 
situation to some extent. However, a difficulty that may arise here, as with 
all operations involving radioactive solutions, is the instability of the organic 
resins to beta and gamma radiation. 


IoN-EXCHANGE CoLUMN DESIGN 


7.145. As the eluent moves down a column of ion-exchange resin the adsorbed 
ions are repeatedly removed from and taken up again by the resin. The process 
is analogous to that occurring in a distilling column, where the vapor may be 
regarded as successively condensed and vaporized. The difference in the 
affinities of the ions (or the tendency to form complexes) results in a partial 
separation of the ions at each stage and the effect is multiplied many times over 
the length of the column. If the 
ionic concentration of the eluate is 
determined at various elution times, 
the results will be somewhat as 
shown in Fig. 7.8, based on the sup- 
position that the A ions are eluted 
first. The concentration of A ions 
in the eluate increases to a maxi- 
mum and then decreases; this is 
followed by a similar increase and 
decrease in the B ion concentration. 
It will be seen that there is an in- Z* 
termediate region in which the EES NON ERE 
eluate contains both ions. The Fic. 7.8. Elution curves for ions A and B 
extent of this region is smaller the 
greater the effective separation factor,* a, and the longer the length of the col- 
umn in which fractionation occurs. This behavior is again similar to that ob- 
served in the fractional distillation of a mixture of two liquids. The first 
and last fractions are essentially pure, but the fraction in between contains 
both components. The volume of this intermediate fraction is less the greater 
the difference in the vapor pressures of the liquid and the longer the distilling 
column. 

7.146. The efficiency of a given ion-exchange column, under specified condi- 
tions, can be expressed in terms of the equivalent number of theoretical plates 
(or stages) as in distillation in which unsteady state conditions are operative. 


CONCENTRATION OF ELUATE 


* The term “effective separation factor’ is used here in the sense that the effect of complex- 
ion formation is included, 


414 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING (7.146 


Thus a theoretical stage may be defined as any portion of the column, e.g., 
AABB in Fig. 7.9, such that the eluent leaving the lower end (BB) will have 
the same composition as a solution in equilibrium with the ion-exchange resin 
at the upper end (AA). If equilibrium be- 
tween the eluting solution and the resin were 


A A ‘ ‘ See 

THEORETICAL attained instantaneously, it is probable that 
STAGE ; ; ; : 

6 si for particles of finite size the theoretical 
stage height would be roughly the same as 
ELUENT the diameter of the resin particles. In real- 
Fra. 7.9. Representation of theo- ity, however, the attainment of equilibrium 
retical stage for ion exchange involves one or more slow steps (usually 


diffusion across a boundary layer) and the 
actual height of a theoretical stage may range from a few millimeters to sev- 
eral centimeters.* 

7.147. The closer the approach to equilibrium between the ions in the eluting 
solution and those attached ‘to the resin, the greater the number of theoretical 
stages per unit length of column and the more efficient will the given column be 
for ion exchange. The conditions which favor the rapid attainment of equilib- 
rium are (1) small resin particles of high porosity, (2) slow rate of flow of the 
eluent through the column, (3) high temperature, and (4) low ratios of cation 
to resin, i.e., dilute solutions. All these tend to increase the number of theoreti- 
cal stages in a given column and, hence, the efficiency of ion separation for a 
particular value of the theoretical separation factor. 

7.148. From the practical point of view, some of the foregoing conditions are 
undesirable. For example, if the resin particles are too small, the pressure 
drop through the column will be too great; slow flow rates and low cation-to- 
resin ratios mean low yields per unit time. The number of theoretical stages 
can be increased, of course, by increasing the length of the resin column, but 
this means that larger volumes of eluent have to be used and that the elution 
time is increased. The actual conditions employed in any particular case must 
thus represent a balance between the separation efficiency of the column, on the 
one hand, and the desire for high yields, on the other. 

7.149. The length of column required to produce a required efficiency of 
separation can be calculated, provided the equilibrium values of the (effective) 
distribution coefficient of the ions in the given eluent are known and an experi- 
mental elution curve has been determined in a column of the same resin. This 
curve is generally of the form shown in Fig. 7.10, in which the ordinate is the 
relative concentration of the particular ion in the eluate and the abscissa is F’, 
the number of so-called “free volumes”’ of eluate that have been collected. The 
free volume is the liquid phase volume, i.e., the volume of the resin column minus 
the actual volume of the resin particles. ‘The number of free volumes of solu- 


“This height may vary with the position in the column, especially if the effective separation 
factor of the ions is not constant, 
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tion that have come from the column when the concentration of the ions in the 
eluate is a maximum is represented by C. It can be shown theoretically that 
C is equal to the ratio of the fraction of the given ion in the solution to the frac- 
tion in the resin. The value of C can be calculated from the distribution coeffi- 
cient, thus permitting a check on Fig. 7.10. 


6 


Nn Oo 4 uo 


CONCENTRATION OF ELUATE 


- 


i= 
5 6 7 8 9 C 410 ‘1 12 13 14 
FREE VOLUMES OF ELUATE (F) 


Vig. 7.10. Calculation of number of theoretical stages from elution curve (8S. W. Mayer 
and E. R. Tompkins) 


7.150. The number of theoretical stages, n, in the column used can be ex- 


pressed approximately by 
2c(C + 1) a +), (7.150.1) 


where W is the half width of the elution curve at an ordinate value that is 1/e 
of the maximum, as shown in Fig. 7.10, e being the base of natural logarithms. 
In the particular case illustrated C is 9.41 and W is 1.38; hence, 


_ (2)(9.41)(10.41) 
oes (1.38)? 


=~ 103, 


so that for the given experimental conditions the column is equivalent to about 
103 theoretical stages. 

7.151. Since n is now known and C may be regarded as available from the 
distribution coefficient for any ion, other than the one used to obtain Fig. 7.10, 
the value of W for that ion, in the existing circumstances, can be calculated from 
equation (7.150.1). By assuming that the elution curve has the form of a 
normal (Gauss) error curve, an assumption which becomes increasingly valid 
as the number of theoretical stages increases, it should now be possible to con- 
struct the elution curve for any ion, By placing the curves for different ions 
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together, the extent of overlap, and hence the effectiveness of the separation, 
can be determined. 

7.152. In actual practice the procedure would be reversed. The amount of 
overlap which could be tolerated would be prescribed and the number of the- 
oretical stages required to produce this degree of separation would be calculated. 
The number of theoretical stages in a column is approximately proportional to 
its height, and so the height of the required column can be estimated.* 

7.153. The design calculations outlined above are based on the use of a fixed 
bed of resin through which the various solutions percolate. Such fixed beds 
have hitherto been in general use both in industry and in the laboratory; they 
represent one of the main disadvantages of the ion-exchange technique, since 
operations must be carried out on a batch, rather than on a continuous, basis. 
This problem is, however, being given serious consideration. Experimental 
models of moving-bed columns have already been designed, and practical forms 
suitable for large-scale operation will undoubtedly be developed in due course. t 


SEPARATIONS BY SOLVENT EXTRACTION t 


GENERAL PRINCIPLES OF SOLVENT ExTRACTION 


7.154. The solvent-extraction method for separating components of an 
aqueous solution can be used when one of the components is not only appreciably 
soluble, but is more soluble than the other components, in an organic liquid 
which is essentially immiscible with water. When the organic solvent is 
intimately contacted with the aqueous solution, the substances present will 
distribute themselves between the organic and aqueous media in a more or 
less definite manner, depending on their relative solubilities in the two phases. 
The component (or components) with the greatest solubility in the organic 
solvent will tend to pass into that phase. Thus a partial separation of the 
components of the aqueous solution will have been achieved. The degree of 
separation can be enhanced by back-extracting the substances in the organic 
phase into an aqueous solution and then re-extracting with fresh organic solvent. 

7.155. As an engineering problem, solvent extraction is to be regarded as a 
diffusion operation involving the transfer of a solute from one liquid phase to 
another liquid phase with which it is essentially immiscible. By means of 
suitable columns (or other devices) using the countercurrent principle, with one 
liquid flowing in one direction and the other liquid in the opposite direction, a 

* For a description of the basic theory and some applications, see S. W. Mayer and FE. R. 
Tompkins, J. Am. Chem. Soc., 69, 2866 (1947); also, E. R. Tompkins, J. Chem. Ed., 26, 32, 
92 (1949), especially p. 96, e¢ seq. é 

{ Cf. I. R. Higgins and J. T. Roberts, Report, AISCU-2546; S. H. Jury, ORNL Report 
CF-53-1-213; Nuc. Sct. Abs., 8, Abs. No. 173 (1954); N. K. Hiester, et al., Report, AEBCU-2742 
(Final Summary Report); Chem. Eng. Prog., 50, 189 (1954). 

} For general references, see T, K. Sherwood and R. L. Pigford, “Absorption and Extraction,’ 
McGraw-Hill Book Co,, Inc., 1952; R. 1. Treybal, “Solvent Mxtraction,’’ MeGraw-Hill Bool 


©o,, Ine,, 1951; J, WH, Perry (Md,), “Chemical Engineers’ Handbook,” 8rd ed,, MeGraw-Hili 
Book Co,, Ine,, 1950, pp, 7146758, 
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continuous, steady-state operation can be achieved. Because no solid phases 
are involved, liquid-liquid extraction is perhaps one of the simplest unit proc- 
esses that can be operated by remote control; this is a matter of great significance 
in connection with the treatment of highly radioactive materials, such as spent 
fuel elements or fission products alone. 

7.156. As compared with ion exchange, solvent extraction has the disadvan- 
tage of smaller mass-transfer efficiency, i.e., the height equivalent to a theoretical 
stage is greater. On the other hand, the separation factors are frequently 
larger for solvent extraction. In addition to the possibility of continuous oper- 
ation by remote control, the solvent-extraction procedure has the advantage 
of being applicable to concentrated solutions, whereas ion exchange is largely 
restricted to dilute solutions. 


CHOICE OF ORGANIC SOLVENT 


7.157. In choosing the organic liquid to be used for a particular solvent- 
extraction procedure, various factors must be taken into consideration. These 
usually represent independent properties of the solvent, and the actual sub- 
stance chosen may involve a compromise giving the best combination of desir- 
able characteristics. The most important property is the selectivity or ability 
of the organic liquid to extract a particular component (or components) of a 
solution in preference to all others that are present. The selectivity is expressed 
by the separation factor which, as in § 7.128, is the ratio of the distribution 
coefficients of the wanted and unwanted species when equilibrium is attained 
between the two phases. The distribution coefficient or distribution ratio, D, 
is defined as 


D= Cone. of component in organic phase (7.157.1) 


~ Cone. of component in aqueous phase 


at equilibrium, and the separation factor, a, is given by 


D (product) 
A good solvent for extraction is one for which the distribution coefficient for 
one component is large and the separation factor is either large or small. In 
other words, it is desirable that D(product) shall be large, whereas D(impurity) 
should be small, or vice versa. 

7.158. Ideally, the organic solvent should be immiscible, or almost immiscible, 
with the solution to be extracted. In practice complete immiscibility is net 
possible since all liquids exhibit some mutual solubility. However, in some 
cases this solubility is less than in others, and the solvent chosen should be 
slightly soluble (2 per cent at most) in water. 

7.159. The organic liquid should have sufficient chemical stability so that it 
does not interact to any appreciable extent with the various chemical reagents 
used in the extraction process, It may have to withstand the action of fairly 
high concentrations of oxidizing and reducing agents. In addition, the organic 
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solvent must be stable to the intense beta and gamma radiations emitted by the 
fission products as well as to the alpha particles from uranium and plutonium. 

7.160. In order that the two liquid phases may separate readily following 
contact, it is necessary that the density of the organic solvent should differ 
appreciably from that of the aqueous solution being extracted. The difference 
in the densities of the two phases will largely determine the nature and size of 
the extraction equipment. The greater the difference the more rapidly will the 
phases tend to separate and, hence, the smaller will be the cross-sectional area of 
the contacting equipment for a given product throughput rate. 

7.161. The interfacial tension between the organic liquid and the aqueous 
medium should be high enough to prevent the formation of a stable emulsion 
since this would hinder separation of the two phases. On the other hand, the 
interfacial tension must be low enough to permit good dispersion of one liquid 
phase in the other, thus ensuring a large area of contact between them. The 
viscosity of the organic solvent must be relatively low to facilitate flow through 
the contactor and to minimize pumping requirements. 

7.162. Although the foregoing properties of the solvent may be regarded as 
essential, there are certain others which are, at least, highly desirable. It 
should be readily available in a pure state at a reasonable cost, and it should 
be easily recoverable, e.g., by distillation. From the standpoint of industrial 
safety, it is desirable that the solvent have both low toxicity and low inflam- 
mability. 

7.163. The simplest inorganic compounds which have lent themselves to 
solvent extraction are the nitrates, although some work has also been done with 
chlorides. Many complexes formed by metals with organic molecules, known 
as ‘chelate’ compounds, can be readily extracted from aqueous solutions. In 
this connection the complex compounds formed with a-thenoyl trifluoracetone 
have been found useful for the separation of cations.* 

7.164. For the extraction of nitrates of high-valence ions, such as uranium 
(VI), thorium (IV), and cerium (IV) a wide variety of organic liquids have been 
used, particularly ethers, ketones, alcohols, and esters.| Mention may be 
made, in particular, of diethyl ether, methyl isobutyl ketone, amyl alcohol, and 
amyl acetate. An organic solvent which has been found to be particularly 
resistant to oxidizing agents is n-tributyl phosphate.{ Because the density of 
this liquid is close to that of water and its viscosity is high, it may be necessary 
to add a diluent, e.g., carbon tetrachloride or butyl ether. 


Factors INFLUENCING SOLVENT ExTRACTION 


7.165. The extraction of an inorganic compound, such as a nitrate, from 
aqueous solution by means of an organic solvent is affected by a number of cir- 


* See, for example, M. Calvin and J. C. Reid, J. Am. Chem. Soc., 72, 2948 (1950). 

+ L. I. Katzin and J. C. Sullivan, Report AHCD-2537; see also ©, ©. Templeton and N, F, 
Hall, J. Phys. Chem., 51, 1441 (1949); H. M, Irving, Quarterly Rev. (Chem, Soc, London), 5, 
200 (1951), 

tJ, O, Wart, J, Am. Chem, Soo, '71, 8267 (1949), 
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cumstances. Three factors of particular importance will be considered here; 
they are the presence of (1) salting agents, (2) oxidizing or reducing agents, (3) 
complex-forming anions. 

7.166. A salting agent is either a salt or an acid the anion of which is the same 
as that of the inorganic compound to be extracted. For example, for the extrac- 
tion of a nitrate, such as uranyl (VI) nitrate, either nitric acid or a neutral 
nitrate, such as sodium, potassium, or calcium nitrate, which is soluble in water 
but not in the organic liquid, might act as salting agent. The effect of a salting 
agent in the aqueous solution is to increase the distribution coefficient as de- 
fined by equation (7.157.1). In other words, the concentration of the inorganic 
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Fig. 7.11. Distribution of uranyl nitrate hexahydrate between organic and aqueous 
phases (R. L. Moore) ‘ 


compound under consideration in the organic phase is increased relative to the 
concentration in the aqueous phase when a salting agent is present. This can 
be seen from Fig. 7.11, in which the ordinates are the concentrations of uranyl 
nitrate hexahydrate (UNH) in an organic medium, consisting of a mixture of 
tributyl phosphate (20 per cent) and carbon tetrachloride, and the abscissae are 
the corresponding equilibrium concentrations in aqueous solutions containing 
the indicated amounts of nitric acid as salting agent.” 

7.167. It is evident that in the absence of nitric acid the uranyl nitrate has a 
preference for the aqueous phase, but when the latter contains 5 M nitric acid, 
the uranyl compound, especially at low concentrations, preferentially enters the 
organic phase. Extraction of uranyl! nitrate by the organic solvent would thus 


* KR, L, Moore, Report AUCD+3 196, 
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be greatly favored by the presence of appreciable quantities of nitric acid in the 
aqueous solution. A large proportion of the uranium could then be back- 
extracted into the aqueous phase, if required, by bringing the organic solution 
into contact with water containing little or no nitric acid. 

7.168. According to the statement in § 7.157, efficient separation of one sub- 
stance from another by solvent extraction is favored by a high value of the 
distribution coefficient for the desired product and a low value for the undesired 
(impurity) substances. If the salting agent affected both distribution coeffi- 
cients to the same relative extent, the separation factor would remain unaltered 
and there would be no advantage from the standpoint of extraction. The con- 
dition to be aimed at is to increase the distribution coefficient of the desired 
product, by the addition of a suitable salting agent, but to leave the values for 
the impurities essentially unchanged. 

7.169. The distribution coefficient of the nitrate of a particular element is 
markedly affected by the oxidation (or valence) state of that element. It is for 
this reason that the presence of oxidizing or reducing agents in the aqueous solu- 
tion can completely change the extractability by an organic solvent. In general, 
the nitrates of the actinide elements in the (VI) state can be extracted in this 
manner, but they are much less extractable in the lower oxidation states. To 
judge from the fact that the distribution coefficients of the tripositive nitrates of 
the rare-earth (lanthanide) elements between organic media and water are very 
low, it is to be expected that the nitrates of the actinide elements in the (III) 
state will not be easily extracted by organic solvents. 

7.170. One of the consequences of the influence of the oxidation state on the 
distribution coefficient is that after an element has been extracted into an 
organic medium it can often be back-extracted into aqueous solution by adding 
a reducing agent to the latter. If two actinide elements, e.g., uranium and 
plutonium, have been extracted in the (VI) state into an organic solvent, this 
fact can be used as a basis for separating these elements. The separation can 
be achieved by back-extracting the organic phase with an aqueous solution 
which will reduce one of the actinide elements but not the other. As seen 
earlier in this chapter, plutonium (VI) can be reduced much more readily than 
uranium (VI), and so the former could be back-extracted with a suitable reduc- 
ing agent leaving the uranium in the organic phase. 

7.171. The extraction of a specified element from aqueous solution by an 
organic medium is dependent upon the particular form in which the element is 
present in the solution. For example, uranyl nitrate hexahydrate can be ex- 
tracted by diethyl ether, but the corresponding sulfate is not extractable by 
this solvent. The addition of a sulfate or other salt of a complex-forming anion 
to an aqueous solution of uranyl nitrate will thus decrease the extractability of 
the uranium, since a proportion of the element will be in some form other than 
the nitrate. The complex-forming anions decrease the distribution coefficient 
between the organic and aqueous phases, and so their effect is opposite to that 
of the common-ion salting agents referred to in § 7.166, 
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7.172. Another aspect of complex formation is its effect on the oxidation- 
reduction potential, mentioned earlier. Accordingly salts of complex-forming 
anions may be able to influence the extraction (or back-extraction) of a given 
element in the presence of a specified reducing or oxidizing agent. It is appar- 
ent, therefore, that the extractability of an element can be affected by variations 
in the amount and nature of the salting agent, by the nature of an oxidizing or 
reducing agent, and by the presence of complex-forming ions. The possibility 
of changes in these three factors thus permits flexibility in the application of the 
solvent-extraction method for the separation of various elements. 


EXTRACTION, STRIP, AND SCRUB COLUMNS 


7.173. Solvent extraction is usually carried out in some form of contactor 
(§ 7.188), using the countercurrent principle, as stated earlier. It is the purpose 
of the present section to describe briefly the general procedure adopted in the 
performance of a solvent-extraction cycle. For simplicity, it will be assumed 
that the down-flowing phase I is the aqueous solution from which the desired 
solute is to be extracted by the up-flowing organic solvent phase II. The flow 
paths for countercurrent extraction would then be as represented in Fig. 7.12. 
The entering aqueous solution is called the feed, and that leaving the column 
after extraction is sometimes referred to as the raffinate. The organic solution 
containing the extracted substance is known as the extract. If the density of 
the organic solvent is greater than that of the aqueous solution, the directions 
of flow would be reversed. The feed would enter at the bottom and the solvent 
at the top, whereas the raffinate would leave at the top and the extract at the 
bottom. 


SOLVENT (ORGANIC) 
TO RECOVERY 


FEED EXTRACT. STRIP 
(AQUEOUS) (ORGANIC) (AQUEOUS) 





RAFFINATE SOLVENT PRODUCT EXTRACT 
(AQUEOUS) (ORGANIC) (AQUEOUS) (ORGANIC) 


Ia. 7.12. Simple liquid-liquid Fig. 7.18. Simple strip column for 
extraction column back-extraction 


7.174, After the desired solute has been extracted into the organic phase, it 
is usually necessary to back-extract it into an aqueous solution. This process, 
called stripping, is carried out as indicated in Fig. 7.18. ‘The theoretical treat 
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ment of a strip column is exactly analogous to that of an extraction column 
except that phase I may now be regarded as the organic phase and phase II as 
the aqueous phase (see § 7.182, et seq.). 

7.175. As a general rule the organic extract contains, in addition to the de- 
sired substance, e.g., uranium or plutonium, small amounts of undesired sub- 
stances, e.g., fission products. These may be removed, partially at least, by 
passing the organic solution through a scrub column, i.e., a form of strip column 
in which the less soluble part of the dissolved material, e.g., fission products, is 
back-extracted into the aqueous solution. A simpler scheme is depicted in Fig. 
7.14, which is, essentially, a combination of Figs. 7.12 and 7.13. The lower 
part of the column is the extraction section, and the upper is the scrub section. 
The aqueous feed solution enters the column at the middle and flows downward. 
The organic solvent flowing upward extracts the desired solute as well as some 
of the more easily extracted impurities. In the upper portion of the column, 
most of the latter are removed by scrubbing the organic phase with a suitable 
aqueous solution. The organic extract leaving the top of the column is thus 
relatively pure. The scrub solution will, of course, also take up some of the 
desired solute, but. this is re-extracted into the organic phase as it flows down in 
the lower section of the column. The general behavior of the extraction system 
is similar to that of a reflux column in distillation. 


SOLVENT (ORGANIC) 
TO RECOVERY 


EXTRACT STRIP 
(ORGANIC) (AQUEOUS) 


SCRUB 
(AQUEOUS) 
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7.176, A scrub section is frequently attached to a strip column when it is 
desired to back-extract only one of two or more components of an organic 
extract, An example is the stripping of plutonium from an organic phase con- 
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taining both plutonium and uranium as described below. In a case of this kind 
the upper part of the reflux column constitutes the strip section, while the lower 
is the scrub section (Fig. 7.15). The organic feed solution, entering at the 
middle of the column, flows upward and is stripped by the aqueous stripping 
solution. In the lower section of the column this is scrubbed with fresh organic 
solvent, entering at the bottom, which re-extracts the unwanted solute. The 
stripped product, e.g., plutonium, leaves in the aqueous solution from the bot- 
tom of the column, while the other solute (or solutes), e.g., uranium, is in the 
organic phase leaving the top of the column. 


APPLICATIONS OF SOLVENT EXTRACTION 


7.177. The application of the basic principles of solvent extraction, described 
above, to the separation of uranium and plutonium from each other and from 
the fission products present in spent reactor fuel may be illustrated by means of 
Fig. 7.16.* The fuel elements are dissolved in nitric acid and then oxidized so 
that the uranium and plutonium are present as nitrates of the (VI) state, i.e., 
UO2(NOs)2 and PuO.(NOs)2, respectively. The fission product nitrates are 
represented by F.P.(NOs3)z. 
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Fie. 7.16. Separation of plutonium and uranium from spent fuel by solvent extraction 


7.178. The aqueous solution containing the uranium, plutonium, and fission 
product nitrates, which is the feed solution, enters at the middle of the first 
column and flows downward, while a less dense organic solvent, entering from 
the bottom, flows upward. A considerable proportion of the uranium and 
plutonium thus passes from the aqueous to the organic phase. In the upper 
(serub) part of the column the organic phase is scrubbed with an aqueous solu- 
tion of sodium nitrate which acts as a salting agent. Any fission products that 
have been extracted by the organic solvent are now back-extracted into the . 


"FR. Bruce, Report ANCD-8449; J, F. Mage and 1, L, Zebroski, loc. cit, 
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aqueous phase, but the salting agent largely prevents back-extraction of the 
uranium and plutonium. The aqueous effluent (raffinate) from the extraction 
column contains essentially all the fission products with little or no uranium 
or plutonium. 

7.179. The organic phase containing the uranium and plutonium next passes 
into the second (s:ripping) column where it flows upward and meets the down- 
flowing aqueous strip solution containing a suitable reducing agent as well as 
the salting agent, sodium nitrate. The plutonium, in a lower oxidation stage, 
e.g., plutonium (III), is back-extracted into the aqueous phase and as this flows 
downward it is subbed with fresh organic solvent flowing upward from the 
bottom of the column. Any uranium (VI) that has passed into the aqueous 
solution is thereby returned to the organic phase. The aqueous medium, con- 
taining plutonium (III) nitrate, leaves the column at the bottom. 

7.180. The organic solution of uranium (VI) nitrate, from which the plu- 
tonium and fission products have been almost completely separated, is now 
transferred to the bottom of the third (strip) column where it flows upward and 
is stripped by water flowing downward. In the absence of a salting agent the 
uranium is back-extracted into the aqueous phase and flows out of the bottom 
of the column. ‘The used solvent, leaving at the top, is sent to a recovery plant 
for purification and subsequent re-use in extraction. 


DersiGN oF ExTRACTION COLUMNS 


7.181. The design of columns for liquid-liquid extraction is a well-developed 
field of chemical engineering.* The primary objective of such design is to 
effect the maximun transfer of one or more dissolved substances from one liquid 
phase to another. The calculations are based on the use of steady-state diffu- 
sion theory. Fora complete treatment it is necessary to study the equilibrium 
distribution between the two phases of all the chemical constituents of the sys- 
tem over the whoe range of concentrations that may be encountered, i.e., from 
the concentration of the feed solution to that of the aqueous waste. From 
these data can thea be determined the optimum flow rates of the two liquids that 
will minimize bot the number of theoretical stages of extraction and the vol- 
ume of the organic extractant required. 

7.182. The height equivalent to a theoretical stage for a specified degree of 
extraction can be estimated by the methods given in standard texts. Conse- 
quently this topic will not be considered here, although it is of interest to exam- 
ine the relationship between the number of stages and the relative flow rates of 
the liquid phase. If n is the number of theoretical stages required to decrease 
the concentration of a given solute from 2 to Zn, in a particular phase, then it 
can be shown fron material balance considerations that, provided the distribu- 
tion coefficient is independent of the solute concentration and the two liquid 
phases are essentially immiscible, 

* See references to § 7.154, 
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where R, called the extraction factor, is defined by 
a (7.182.2) 





in which D is the distribution coefficient of the solute, and Lr and Ly are the 
flow rates of phase I and phase II, respectively. Physically, R is the ratio of 
the amount of solute in phase II to that in phase I, whereas D is the ratio of the 
concentrations. In the extraction stage, I and II are the aqueous and organic 
phases, respectively, and D is defined by equation (7.157.1). On the other 
hand, for a back-extraction or stripping operation, I and II are reversed and D 
is the reciprocal of that given above. 

7.183. If & exceeds unity, as will shortly be seen to be necessary if extraction 
is to be possible, then provided n is of the order of 10 or more, R*+! is large in 
comparison with unity, and the latter may be neglected in the denominator of 
equation (7.182.1). Upon taking logarithms of both sides of the resulting equa- 
tion and rearranging, it is found that 


R-1 
n = log laa | -—1, (7.183.1) 


which relates the number of stages to the flow-rate ratio and the initial and final 
concentrations. 

7.184. The quantity x,/x is the ratio of the concentration of the extracted 
substance in the solution leaving the column to that (in the same phase) enter- 
ing it. This is sometimes referred to as the “loss” of extractable material. In 
order to make the loss small, that is to say, for the extraction to be efficient, it 
can be seen from equation (7.183.1) that R and n should be large. That the 
number of theoretical stages should be large is obvious, but the extraction factor 
R merits further consideration. 

7.185. For x,/ao to decrease indefinitely with increasing n, so that advantage 
may be taken of increasing the number of theoretical stages, it is necessary that 
R should be greater than unity. It is desirable, therefore, that the distribution 
coefficient D should be as large as possible. However, if D is less than unity 
the ratio of the flow rates of the liquids, i.e., Lir/L1, must be adjusted so that 
R > 1, otherwise extraction of the solute from phase I into phase II will be 
ineffective, as shown below. It may be mentioned that, for practical reasons, 
the flow-rate ratio, either L1/Lr or Lu/Li, can rarely exceed 10 to 1, and in 
most cases it is in the range of 1 to 1 to 5 to 1. 

7.186, If R <1, the expression for «,/xo, as given by equation (7,182.1), 
approaches a limiting value equal to 1 — 2, so that the ratio a,/ao approaches 
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unity as R becomes smaller. This means that if R is sufficiently small, x,/2o 
will be close to unity and there will be a negligible amount of extraction, regard- 
less of how many theoretical stages are in the extraction column. ‘This is the 
condition that is desirable for the fission products in the extraction of uranium 
and plutonium from spent reactor fuel elements. The fission products will then 
tend to remain in the aqueous solution while the uranium and plutonium pass 
into the organic phase. 

7.187. The degree of separation achieved in a given column will be greater 
the greater the ratio of x,/2x» for the desired (product) element, e.g., uranium or 
plutonium, to that for the undesired (impurity) elements, e.g., fission products. 
Good separation will result, therefore, when the extraction factor, R, for the 
former, which should be greater than unity, greatly exceeds & for the latter, 
which is preferably less than unity. This means that R(product)/R (impurity) 
should be as large as possible. Since the ratio of the flow rates is the same for 
both substances, it follows from equation (7.182.2), which defines R, that the 
best separation will be obtained in solvent extraction when the ratio of the 
distribution coefficients, i.e., the separation factor (§ 7.157), is large. 


CHOICE OF CONTACTOR 


7.188. In the design of efficient contacting equipment for solvent extraction 
processes involving two immiscible liquid phases, there are three important 
objectives; these are (1) to attain the maximum interfacial area between the 
two phases, (2) to permit countercurrent flow with the minimum density differ- 
ence between the phases, and (3) to minimize the total volume of liquid held up 
by the equipment. In addition, for operation with highly radioactive solutions, 
it is essential that the equipment should require little or no maintenance. 

7.189. Several different types of contactors have been employed for industrial 
continuous countercurrent liquid extractions; three in particular are in use, 
either on the large-scale or in pilot-plant operations, in connection with the 
treatment of spent reactor fuel. These are packed columns, pulse columns, and 
mixer-settlers; they will be described and their relative merits considered 
briefly.* 

7.190. Taking into consideration the purpose for which it is required, the 
essential characteristics of contacting equipment for liquid-liquid extraction are 
as follows: (1) long operating life with low maintenance requirements, (2) small 
size in order to minimize shielding structures, (3) simplicity of operation and 
control, (4) easy replacement of parts, and (5) adaptability to changes in 

* See, for example, V. S. Morello and N. Poffenberger, Ind. Hing. Chem., 42, 1021 (1950) ; 
B. V. Coplan, J. K. Davidson, and E, L. Zebroski, U. 8. Patent 2,646,346 (1953), Report 
AECU-2639; Chem. Eng. Prog., 50, 403 (1954); M. W. Davis, Jr., T. E. Hicks, and T, Ver- 
meulen, Report AECD-3545; J. D. Thornton, Chem. Eng. Prog. Symposium Series, No. 18, 
50, 39 (1954); G. Sege and F. W. Woodfield, ibid., No. 13, 50, 179 (1954); Chem. Eng. Prog., 
50, 396 (1954). 
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process conditions. The three forms of contactor considered below are gener- 
ally satisfactory in these respects. 

7.191. Packed columns are filled with some form of packing material, such as 
Raschig rings. These serve to break up the organic liquid into droplets of dis- 
persed phase which are compelled to follow a tortuous path through the con- 
tinuous (aqueous) phase. As a result, contact between the two phases is 
enhanced. At the top of the column there is a clear space where the droplets 
coalesce and are drawn off as a continuous phase. 

7.192. A pulse column has a number of finely perforated plates placed across 
the tower. By means of a reciprocating piston, acting as a pulse generator, at 
the bottom of the column, the liquids are forced through the holes in the plates 
in fine droplets. The turbulence produced by the pulses results in very effective 
contact between the two liquid phases. The efficiency is greater than that of a 
packed column and the same degree of extraction can be achieved in a shorter 
tower. 

7.193. A mixer-settler stage consists of two sections; as the name implies, one 
is a mixer and the other is a settler, or separator, as illustrated diagrammatically 
in Fig. 7.17. In the mixing part the two phases are brought into intimate con- 
tact by passage through fine orifices or by means of an agitator. The liquids 
then pass into the settling part of the stage where the phases separate into two 
continuous layers. The liquid streams then flow in opposite directions to two 
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Fie. 7.17. Block diagram of one stage of mixer-settler unit 


other mixer-settler stages, thus providing a countercurrent extraction system. 
Kach mixer-settler stage has an efficiency of about 90 per cent of theoretical. 
yonsequently the number of stages required to effect a prescribed degree of 
extraction is 10 per cent or so larger than the calculated number of theoretical 
stages, using equation (7.183.1). 

7.194, The chief advantage of the mixer-settler system over a column is that 
in most forms little headroom is required, although a fair amount of floor space 
may be necessary. The height of the equipment is especially important in 
connection with the processing of radioactive solutions since the structures 
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needed for shielding of tall columns are expensive. The disadvantage of col- 
umns in this respect may be overcome by the so-called “concatenated” pulse 
column. The required column length is divided into several sections which are 
mounted in a rack and connected in series by a suitable piping arrangement. 
The equivalent of a 50-ft tall column may thus be installed in a one-story build- 
ing with about 10 to 12 ft of headroom. 

7.195. At the present time no contactor appears to be overwhelmingly superior 
to all others, and the choice, usually between pulse columns and mixer-settlers, 
is determined largely by circumstances and individual preference. Among the 
other types of contactors being considered, mention may be made of the cen- 
trifugal contactor, in which centrifugal force is used to bring the liquids into 
intimate contact. It appears to have certain advantages, e.g., low hold-up, 
high flow capacity, and small space requirements, as compared with other 
contactors. 


OTHER SEPARATIONS PROCESSES 


Liquip-Liquip ExTRacTION By FusEep Sait 


7.196. In addition to the separations procedures already described, there are 
one or two other methods, still in what might be referred to as the development 
stage, that deserve mention. One of these is a liquid-liquid extraction process 
of an unusual character that has been considered for the treatment of the (dilute) 
solution of uranium in molten bismuth which is the fuel for the proposed Brook- 
haven Liquid Metal Fuel Reactor (see § 12.141). The extractant is a fused 
eutectic mixture of lithium and potassium chlorides at 450°C (840°F). When 
brought into equilibrium with the liquid uranium-bismuth alloy containing 
rare-earth elements, such as might be produced in fission, it is found that the 
rare earths are extracted almost completely into the fused-salt phase whereas 
the uranium remains in the bismuth phase. It is probable that other fission- 
product elements would be removed at the same time, so that extraction with 

_ fused chlorides would appear to present an interesting possibility for the process- 
ing of spent reactor fuel in certain circumstances. * 

7.197. It should be pointed out that the extraction with a fused salt is more 
closely related to the familiar “slagging’”’ of metals than to the extraction by an 
organic solvent described earlier. The rare-earth element lanthanum, for 
example, does not dissolve as such in the fused chloride, but it first reacts chemi- 
cally with the lithium chloride, thus 

La + 3LiCl > LaCl; + 3Li. 


(metal (salt (salt (metal 
phase) phase) phase) phase) 


*D, W. Bareis, R. H. Wiswall, Jr., and W, E. Winsche, Chem. Eng. Prog. Symposium Seriea, 


No, 12, 50, 228 (1954); C, Raseman and J, Weisman, ibid., No. 12, 50, 158 (1954), Somewhat 


shorter versions of these reports appear in Nucleonics, 12, No, 7, 16, 20 (1054), 





7.201] PROCESSING OF NUCLEAR REACTOR FUEL 429 


The resulting lanthanum chloride (LaCls) then dissolves in the fused salt whereas 
the elemental lithium produced in the reaction passes into the metal (uranium- 
bismuth) phase. (There is also a similar reaction with the potassium chloride 
but to a much smaller extent.) The extraction thus involves essentially the 
removal of the lanthanum (or other metal) dissolved in the bismuth and its 
replacement by lithium. 

7.198. Theoretical considerations indicate that the efficiency of the extraction 
of any element from the bismuth phase should increase with the stability of the 
chloride of the element. It is because of the relatively low stability, i.e., small 
(negative) free energy of formation per chlorine atom, of uranium tetrachloride, 
as compared with that of the rare-earth chlorides, that uranium is not extracted 
by the fused chloride whereas the rare-earth elements are extracted. For the 
same reason, namely, the comparative instability of bismuth trichloride, the 
liquid bismuth acts essentially as an inert solvent for the metals and does not 
react appreciably with the lithium chloride. 

7.199. Although there is a possibility of using fused chlorides for separating 
rare-earth (and perhaps other) elements from uranium, the procedure described 
above is not satisfactory for its intended purpose, the treatment of the uranium- 
bismuth alloy fuel. The reason is that the large neutron absorption cross sec- 
tion of the lithium makes the liquid bismuth after extraction unsuitable as a 
fuel medium for a thermal reactor. In addition the lithium chloride-potassium 
chloride mixture is very sensitive to the presence of traces of oxidizing or reduc- 
ing impurities which can completely upset the extraction. These difficulties 
may be overcome by the use of another chloride in place of lithium chloride and 
by control of the oxidation-reduction state of the system. 


SEPARATION BY VOLATILIZATION 


7.200. The separation of elements, by making use of differences in vapor 
pressure of the elements themselves or of suitable compounds, has been em- 
ployed for many years, especially in the study of radioactive materials. The 
possibility of extracting plutonium from spent reactor fuel by volatilization was 
considered in the early stages of the atomic energy program, but this separations 
method was not pursued in detail because the precipitation and solvent extrac- 
tion procedures seemed to offer greater prospects of immediate success. How- 
ever, for certain reactor applications, as will be indicated below, the volatilization 
method may prove attractive. 

7.201. An examination of the familiar properties of the simpler compounds of 
uranium shows that the hexafluoride (UF) is a readily volatile solid (see § 8.27), 
whereas the trifluoride (UF;) and the tetrafluoride (UF,) are nonvolatile. Pre- 
sumably the same differences in volatility occur in the corresponding oxidation 
states of the other actinide elements, so that a method of separation appears 
feasible, at least in principle. ‘The fact that the fluorides of many fission prod- 
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ucts, e.g., the rare-earth elements, are essentially nonvolatile is, of course, 
advantageous from the standpoint of the treatment of spent reactor fuel. 

7.202. A possible application of the volatilization method is in connection 
with the continuous processing of a thorium breeder blanket. The thorium-232 
captures neutrons and the product then undergoes two stages of beta decay to 
form, first, protactinium-233 and then uranium-233 (§1.61). It would be 
advantageous if these two latter isotopes could be removed continuously because 
losses due to neutron capture could thus be minimized. In the method pro- 
posed for achieving this end the thorium blanket would be in the form of the 
nonvolatile solid thorium tetrafluoride (ThF,), and a fluorine-containing gas 
would be passed through it at high temperature. The fluorine would then 
react with the protactinium and uranium to form the volatile fluorides, Pals 
and UF,, respectively, but the thorium tetrafluoride would be unaffected. 
Consequently the protactinium-233 and uranium-233 would be removed in the 
stream of gas but the thorium would remain. Experimental investigations 
have shown that the method is possible, but difficulties arise from the sintering 
of the thorium fluoride powder and the accompanying decrease in the rate of 
diffusion of gas through the blanket. It is not certain that these difficulties can 
be overcome because of the narrow temperature range within which effective 
operation appears feasible.* 


PROCESS WASTE DISPOSAL 


Liqguip WASTES 


7.203. The chief waste disposal problem associated with reactor fuel process- 
ing is concerned with the handling of the fission product residues. This problem 
has hitherto been solved in such a manner as not to constitute a hazard either in 
the chemical plant itself or in the surrounding areas. It must be admitted, 
however, that the solution is not altogether satisfactory from the economic 
standpoint, and studies are in progress with the object of finding improved 
methods of waste treatment. For convenience, the problems of disposal will 
be discussed briefly here according to the physical form, i.e., gas, liquid, or solid, 
of the waste material. 

7.204. Since the liquid wastes constitute the major aspect of the disposal 
problem, these will be considered first. Because of the potential value of mixed 
or of individual fission products (§ 7.208) and also because their intense radio- 
activity constitutes a potential health hazard, the reactor fuel wastes cannot be 
treated in the same manner as are the waste products of other industries. Con- 
sequently most waste solutions from fuel processing plants, possibly after some 

* BF. T. Miles et al., Chem. Eng. Prog. Symposium Series, No. 12, 50, 173 (1954); Nucleonies, 
12, No. 7, 26 (1954). 

+ The discussion of radioactive waste disposal is here restricted to certain-aspects associated 


with fuel processing. A more complete treatment of the over-all problem is given in Chap- 
ter IX, 
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treatment, are stored in underground tanks. This is not a very desirable pro- 
cedure for several reasons. The volume of storage space is continually increas- 
ing, and there is a constant risk of leakage. In addition, the absorption of the 
beta and gamma rays may result in undesirably high temperatures being attained 
in solutions having considerable activity. 

7.205. Solutions containing fertile and fissionable materials, i.e., uranium, 
thorium, and plutonium, are usually stored separately from those containing 
only fission products. Where possible, the solutions are first evaporated to 
decrease their volume, so as to minimize the space required for storage. In some 
cases a useful process chemical, e.g., nitric acid, may be recovered in the course 
of evaporation. 

7.206. The large volumes of waste solutions having a low level of radioactivity, 
e.g., aqueous solutions obtained in later stages of an extraction process, are also 
treated separately. Such solutions have been disposed of by discharge into 
dry wells or in open pits in the ground. The liquids slowly seep out into the 
surrounding soil where the radioactive ions are adsorbed. By this means, per- 
manent disposal of large volumes of wastes of low activity can be achieved. 
There is little danger of the spread of radioactivity unless the adsorption ca- 
pacity of the soil is exceeded and the waste solution enters a water table in 
general use. This possibility may be avoided by careful evaluation of the site 
geology before utilization of this method of waste disposal. 

7.207. Another procedure that has been used in connection with treatment of 
the large volumes of dilute solutions is to concentrate them by evaporation. 
The small residual volumes can then be stored while the condensate, if of suffi- 
ciently low activity, can be allowed to mix off with large volumes of water in a 
river. Certain fission products, notably iodine and ruthenium, may volatilize 
during distillation and hence appear in the condensate, thus increasing its 
radioactivity. The iodine, at least, can be retained by making the solution 
weakly alkaline before evaporation. 

7.208. If it were not for the possible ultimate value of the fission products, 
more effective methods of concentration and final disposal of wastes would 
perhaps be used. Several procedures have been worked out (see § 9.129), 
which may have to be employed, in due course, if the storage problem becomes 
acute. In any case, if the solutions are kept for several years, some of the 
desirable fission products will be lost as a result of radioactive decay and their 
possible economic value will decrease. In this event, further storage may 
prove unnecessary. 


Gasrous WASTES 


7.209. There are three important radioactive waste gases, namely, iodine and 
the chemically inert gases krypton and xenon. These are liberated when the 
fuel element is dissolved. If nitric acid is used for this purpose the gases are 
diluted with large volumes of oxides of nitrogen, The gases from the dissolver 
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vessels are generally discharged to the atmosphere through high stacks (Fig. 
7.18). Provided the spent fuel has been cooled for about 100 days or more, to 
permit appreciable decay of the iodine-131 (see Fig. 7.4), the gases disposed of 
in this manner constitute no significant hazard. Continuous observations are 
made of the meteorological conditions to make sure that there is no tendency 
for the gases expelled from the stacks to return to the earth’s surface. 





Fig. 7.18. Spent fuel processing plant at Hanford, Washington 


7.210. An alternative method of disposal of the radioactive gases is possible 
when for meteorological, or other, reasons discharge into the atmosphere is 
undesirable. The iodine and oxides of nitrogen could be removed by scrubbing 
the gases with a dilute solution of alkali, and the krypton and xenon could be 
adsorbed on carbon or silica gel. The resulting solution and solid, respectively, 
would then have to be disposed of in a suitable manner. 

7.211. Under the heading of hazardous gaseous wastes may be included air 
from processing plants carrying small solid or liquid radioactive particles, 
Since this may constitute a serious danger, the air is discharged through filters 
of sand or, better, of glass-wool to remove the particulate matter. These filters 
have a limited operating life and must be replaced periodically. The spent 
filter represents a problem in the disposal of solid waste, to which reference will 
be made below. 

7.212. The control and segregation of air, from operations where its con= 
tamination is to be expected, are desirable in order to minimize the yolume of 
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air that must be treated. Thus in chemical processing plants the cells and 
process vessels are usually maintained under reduced pressure to eliminate the 
possibility of radioactive particles escaping into the air. By keeping the leak- 
age as low as possible, the volume of contaminated air is greatly decreased. As 
a general rule, therefore, it is necessary to filter only the limited volumes of air 
from the process vessels. 


Sotip WASTES 


7.213. The solid radioactive waste from a fuel processing plant may consist 
of such items as discarded process equipment, which has become contaminated 
by contact with active solutions, and filter material, mentioned above. If the 
equipment is worth recovering, it may frequently be decontaminated to an 
extent that will make repair possible. For stainless steel, which is extensively 
used in fuel processing, various acid solutions can be used as decontaminating 
agents. Mild steel vessels are difficult to decontaminate because they are 
attacked and corroded by acids, but there is a possibility that they may be used 
as scrap in blast-furnace operation, when the radioactivity will be removed in 
the slag: 

7.214. When decontamination of a solid is not possible or desirable, the mate- 
rial is usually buried in the ground. Consideration is being given to marine 
burial as a method of permanent disposal of solid radioactive wastes. This 
procedure is being used, to a limited extent, on both the Atlantic and Pacific 
coasts, but for plants in the interior of the United States the cost of shipping 
the materials may be prohibitive. 


Usss oF Fission Propucts 


7.215. The utilization of fission products is in a sense an aspect of the waste 
disposal problem. If extensive industrial uses could be found, either for certain 
individual fission products or for the complex mixture obtained in spent reactor 
fuel treatment, the disposal situation would be greatly changed. If there is to 
be a real future for nuclear energy, it would appear that uses will have to be 
found for the fission products. Several investigations, sponsored by the U. S. 
Atomic Energy Commission, have been or are still being made for the purpose 
of finding possible applications for these substances. Some of these applica- 
tions are summarized in Table 7.6;* they are mostly dependent upon the ioniza- 
tion produced by the beta and gamma radiations. 

* “Industrial Uses of Fission Products,” Project 361, Stanford Research Institute; Report 
AECU-1673; Nucleonics, 10, No. 1, 45 (1952); University of Michigan Project, Reports 
COO-124, COO-196, COO-198, AECU-2981; Vitro Corp. of America, Report KLX-381; 
D. Duffey, Nucleonics, 11, No. 10, 8 (1953); L. EB. Crean; et al., ibid., 11, No. 12, 82 (1953); 


3, Manowitz, ibid., 11, No. 10, 18 (1953), Chem. Eng. Prog. Symposium Series, No. 12, 50, 
201 (1064), 
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TABLE 7.6. POSSIBLE INDUSTRIAL USES OF FISSION PRODUCTS 


Application Remarks 
Activation of For luminescent pigments for use in signs visible in the dark. Very 
phosphors pure isotopes necessary. 
Static eliminators Tonization of air allows static charge to leak away. May also prevent 


agglomeration of fine particles in grinding processes. Useful in print- 
ing, textile, plastic, and rubber industries. 


Fluorescent light Permanent ionization of the gas will permit faster starting and lower 
tubes starting voltages. 


Instruments Thickness and level-indicating gauges based on penetration of beta or 
gamma rays. Marking of interface between products in pipelines. 


Gamma-ray sources of high activity and low energy give sharp defini- 


Radiography 
tion. 
Cold sterilization Beta and gamma rays destroy microorganisms. Especially advanta- 


of foods and drugs geous for heat-sensitive products, e.g., antibiotics. Prevent off-taste 
flavors in canned foods; increase shelf life of fresh fruits and vegetables. 


Direct conversion of beta-particle energy into electricity, eB. in a bat- 
tery. Pure beta-emitter of relatively long half life desirable, e.g., 
strontium-90. 


Power source 


Because of self-absorption of beta and gamma rays, radioactive mate- 


Heat source 
rial has higher temperature than surroundings. 


Chemical reactions Facilitation of flame propagation in internal-combustion and jet en- 
gines; polymerization, etc. 


DESIGN OF RADIOCHEMICAL PROCESSING PLANTS * 


Sraces IN Reactor Furt PROCESSING 


7.216. The design of a radiochemical processing plant for the treatment of 
spent reactor fuel may be based on the following stages: 


1. Storage (or cooling) of the irradiated material to permit decay of short- 
lived fission products and intermediate species, e.g., neptunium-239. 
Dissolution of the fuel elements and preparation of the feed solution. 
Storage of feed solution prior to introduction into the separation process. 
Separation of fissionable and fertile materials from fission products. 
Collection and disposal of the waste streams containing fission products. 
Collection of product streams and preparation for shipment. 

. Preparation, distribution, and recycling of process reagents. 


7.217. From a general engineering standpoint, there is no essential difference 
between the operation of a plant for processing reactor fuel and that of other 


* For description of pilot plant, see H. K, Jackson and J. W. Ullmann, Report en 
also, C. M. Nichols and A, 8. White, Chem. Png. Prog. Symposium Series, No. 18, 50, 1 


(1954), 


SA ee 
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chemical plants. However, there are certain special factors involved in reactor 
fuel treatment which complicate both design and operation and increase capital 
and operating costs. They are chiefly (1) the highly radioactive nature of the 
materials to be processed and (2) the possibility that solutions of fissionable 
species may become supercritical and so permit the propagation of a divergent 
fission chain reaction. 

7.218. In order to provide protection for operating and maintenance person- 
nel from radiation, adequate shielding must be provided. Except for a short 
time after removal of the fuel element from the reactor, when delayed neutrons 
are still being produced, there is no neutron shielding problem. Further, al- 
though uranium and plutonium emit alpha particles, their range is so small that 
they may be disregarded. Hence, as far as the process equipment is concerned, 
shielding is necessary for beta and gamma rays, including the bremsstrahlung 
accompanying the deceleration of beta particles. Actually the problem is 
reduced to protection from gamma rays (and bremsstrahlung) from fission 
products since these are more penetrating than beta particles. Shielding which 
attenuates gamma (and X-) radiation to harmless proportions will automatically 
be effective against alpha and beta particles. 

7.219. The most common gamma-ray shielding materials, in order of increas- 
ing density, are water, concrete, iron, and lead. As seen in § 2.68, the thickness 
of material required to produce a certain degree of gamma-ray attenuation is 
approximately inversely proportional to its density. A lead shield will conse- 
quently occupy a smaller volume than one made of any of the other three com- 
mon shielding materials. Because of its high cost, however, lead is used only 
where space is at a premium or where more bulky shields are not practical. 

7.220. Water provides the least expensive shield, although a thickness of sev- 
eral feet may be required. It is used where its liquid nature is not a drawback. 
For example, after removal from a reactor, the irradiated fuel elements are 
stored under 12 to 20 ft of water in a large basin, often referred to as a “canal.” 
The water serves not only as a radiation shield but also as a means for thermally 
cooling the fuel elements. Radioactive decay and the absorption of the emitted 
radiations are accompanied by considerable heat evolution. 

7.221. All process vessels, equipment, and lines containing or carrying radio- 
active liquids or gases, e.g., contaminated air, must be shielded. In special 
cases, lead or iron may be used as shield material, as mentioned above, but, for 
bulk shielding, concrete is used. The thickness of such shields may range from 
| to 6 ft. With necessary pipe inserts, the shields are expensive, but it is some- 
times possible to make them serve a dual purpose by integration into the struc- 
ture of the building. Bulk shielding costs can be reduced by limiting the 
number of processing units, e.g., by continuous rather than batch operation, 
and by making the space between vessels as small as is compatible with other 
requirements, @.g., maintenance, criticality, ete. 
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MAINTENANCE OF EQUIPMENT 


7.222. Equipment used for radioactive solutions must be properly designed 
and manufactured so as to require the absolute minimum of repair or replace- 
ment. Special precautions must be taken to ensure good workmanship, and 
the materials of construction should be resistant to the process solutions. All 
piping must be absolutely leaktight. The use of complicated equipment with 
moving parts requiring lubrication should be avoided if possible. The same 
stipulation applies to valves and pumps with packing, because the packing, 
when replaced due to normal deterioration, would be contaminated. If equip- 
ment that might need fairly frequent maintenance must be used, then it should 
be installed in separate shielded compartments. 

7.223. In spite of all precautions taken to prevent equipment failure, it is 
inevitable that some maintenance will be required. In the design of radio- 
chemical processing plants, two basically different approaches have been used; 
they are (1) remote maintenance and (2) direct maintenance, which will be 
reviewed in turn. 


Remote maintenance* 


7.224. The equipment and piping are so designed that when repair is neces- 
sary any item can be removed and replaced by a duplicate using remotely 
operated mechanical devices. The faulty equipment can then either be dis- 
carded or decontaminated and repaired elsewhere. The remote-maintenance 
plant consists of a long, high building, called a “canyon” (see Fig. 7.18). A 
considerable amount of space is required since every piece of equipment must 
be located in such a manner that it can be reached by a crane without displacing 
any other piece. 


Direct maintenance 


7.225. The equipment and processing cells are designed so that they can be 
decontaminated, by flowing suitable solutions through them, to an extent that 
will permit maintenance personnel to effect direct repair in place. In the direct- 
maintenance plant, cells with concrete walls are used to segregate process 
equipment according to function and activity. Isolation of blocks of equip- 
ment makes possible the decontamination and repair of a section of the plant 
while other sections remain in operation. The installation is determined largely 
by process and engineering requirements, so that the plant is more compact 
than the remote-maintenance canyon. 

7.226. In reviewing the various aspects of the two types of processing plants, 
it would appear that the chief advantage of the remotely maintained plant is 
that it permits operation with the minimum of interruption. Even a major 
break can be rectified in a short time by removal and replacement of the equip- 
ment. Direct maintenance, on the other hand, may mean that in an emergency 


"W. M, Harty, Chem, Lng, Prog, Symposium Series, No, 18, 50, 115 (1054), 
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the plant will be shut down for a period of time sufficient to accomplish both 
decontamination and repair. However, where duplicate plant units have been 
installed, maintenance can be carried out without shut-down. The canyon type 
of construction also makes possible the use of especially large pieces of equip- 
ment, e.g., vessels holding very large volumes of solution, which are not easily 
accommodated in a cell. 

7.227. The disadvantages of remote maintenance are largely economic. A 
much larger canyon is required so that both capital and operating costs are 
greater than for direct maintenance. In addition, much greater effort is de- 
manded in the design of the plant so that every piece of equipment and piping 
can be readily removed by remote control. Although in direct maintenance 
there is some duplication of important equipment, remote maintenance requires 
a large stock of spares for all units. Finally, it is considered that the remote 
maintenance type of design means less flexibility and that process changes are 
more difficult to incorporate than in directly maintained plants. 

7.228. At this time it is not possible to state definitely that the advantages 
of either type of design so greatly outweigh its disadvantages as to make it 
preferable to the other. Remote-maintenance plants seem to be more desirable 
where large volumes of solution must be treated and where continuity of produc- 
tion is important. On the other hand, the lower construction and operating 
costs of a direct-maintenance plant may be the determining factors when smaller 
volumes are to be processed. 


AVOIDANCE OF CRITICALITY 


7.229. An aqueous solution of a fissionable material may become supercritical 
under certain conditions of concentration and size and shape of the containing 
vessel. Such conditions might easily arise in a processing plant unless special 
efforts are made to avoid them. Although a supercritical solution would 
probably not explode, the rapid evolution of large amounts of heat would un- 
doubtedly result in an unpleasant accident. Consequently precautions against 
the attainment of criticality must be adopted in the design and operation of the 
chemical plant. 

7.230. Three types of action are taken to avoid criticality. First, the amount 
of relatively pure fissionable material that may be present in any one vessel is 
definitely limited. Since the concentrations of the solutions are known at all 
stages of the separation process, the vessels are designed so that their contents 
will not become critical. There is a chance, however, that the normal concen- 
(rations may be exceeded due to an operational error, and so a considerable 
safety factor is included in the calculations. 

7.231. A second aspect of plant design is the possibility of using so-called 
“always safe’? equipment, Consider, for example, a cylindrical vessel contain- 
ing a solution of fissionable material, As seen in Table 3.7, the critical height, 
//, and radius, 2, are related by 
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2.405 \? a\ 
p= (PE) +) 
where B? is the buckling of the critical system. For a solution of specified com- 
position, B? has a definite value, and so, as the radius of the cylinder is decreased, 
the critical height must increase. However, when R is equal to 2.405/B, it is 
seen that H would have to be infinite. In other words, for every solution of 
fissionable material, there is a certain radius below which a cylindrical vessel 
will never become critical no matter what its height. Such a vessel would be 
“always safe” for the given solution. A change in concentration would, how- 
ever, result in a change in the buckling (see Fig. 3.13) and the vessel could 
become critical. 

7.232. The third consideration in the avoidance of criticality is the proper 
Thus, if two “alwzys safe” cylinders were placed 
bined system might quite possibly become 
tions of fissionable 
At present, 


spacing and location of units. 


sufficiently close together, the com 
critical.* Vessels containing moderately concentrated solu 


material must consequently be separated by an adequate distance. 
safe criticality practice is determined largely empirically, and design standards 
can be fixed more definitely only as further experimental facts are accumulated. 


Procuss PLant INSTRUMENTATION } 


7.233. Since most of the plant units are inaccessible, remote instrumentation 
is necessary, both for control and sampling purposes. Apart from instrumenta- 
tion for the standard service facilities, instrumerts are used mainly for the fol- 
lowing process measurements: temperature, liquid level, specific gravity, fluid 
flow rate, and pressure. The control room of a radiochemical processing plant 


is depicted in Fig. 7.19.4 


Temperature 

7.234. The device most commonly employed for temperature measurement is 
the thermocouple. Its small size permits its installation in many places where 
more bulky detectors could not be used. Thermocouples have a fast response 
to temperature changes and are available in wide variety. In conjunction with 
an indicating and recording instrument at a distance, temperatures can be read 
with adequate accuracy. By employing an electronic-type recorder, thermo- 
couple leads may be run for considerable distances without introducing ap- 
preciable errors. In many reactor vessels a tiermocouple combined with a 
recording-controlling instrument provides automatic temperature control. 


Liquid Level and Density 
7.235. These two quantities are generally determined by means of a pneu- 
matic purge or “bubbler” system. An open-erded tube, called a dip tube, is 


* Cf, R. L. Macklin, Report AECD-3274. 
+ Cf, V. L. Parsegian, Nucleonics, 6, No. 1, 38 (1950), 
t Oak Ridge National Laboratory (private communication), 








Fig. 7.19. Control room of radiochemical processing plant (Oak Ridge National Laboratory) 
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fixed vertically in the vessel containing the liquid. A supply of clean com- 
pressed gas, e.g., air, nitrogen, etc., is attached to the top of the dip tube, and 
the pressure required to discharge the gas from the lower end of the tube is 
recorded by a manometer. This pressure is clearly a measure of the hydraulic 
head in the vessel and hence is proportional to the liquid level. By using a 
suitable pneumatic transmission line, the pressure (and level) indicator and 
recorder can be placed at a distance from the vessel. 

7.236. In order to determine the density of the liquid, two dip tubes are used, 
their open (lower) ends being separated by a known vertical distance. The 
difference in the pressures in the two dip tubes is equal to the hydraulic head 
between the two orifices. Since the orifices are a fixed vertical distance apart, 
the differential pressure is a measure of the density of the liquid. The record- 
ing instrument can be calibrated to read the density directly. 


Fluid Flow Rate 


7.237. A simple and reliable method for determining flow rates is to observe 
the rate of fall of liquid level in the feed tank. When this is not possible or 
when continuous recording is required, a flow meter is employed. In the 
variable-head type of meter, the difference in pressure is determined on the two 
sides of an orifice or Venturi restriction placed in (or parallel with) the flow 
stream. The advantage of the Venturi tube lies in the fact that the shape of 
the restriction permits its use in solid-bearing streams. A pneumatic trans- 
mitter is usually employed to indicate the differential pressure, and hence the 
flow rate, on a distant recorder. It should be mentioned that flow meters of 
the orifice or Venturi type are not too reliable and require frequent calibration. 

7.238. In the variable-area flow meter (or Rotameter) the differential pres- 
sure is held constant and the area of the restriction is allowed to vary. This is 
achieved by means of a cone-shaped vertical tube and a metal float or bob which 
is free to move inside the tube in response to flow changes. For every vertical 
position of the float, there corresponds a definite orifice area and flow rate for the 
fixed pressure difference. The only force pulling the float downward is that of 
gravity and this is constant. The area meter has a number of advantages, 
especially for low flow rates. Since the area of the opening is directly propor- 
tional to the flow rate, the scale is linear, which is not true for the variable-head 
meter. 

7.239. A method for remote determination of the flow of good electrically 
conducting solutions, such as are encountered in process chemistry, by means 
of electromagnetic meters is being investigated. If the liquid flows through a 
pipe placed in a magnetic field, an electromotive force is induced in the moving 
stream and can be picked up by two electrodes inserted into opposite sides of 
the pipe. Since the electromotive force is small, it is amplified electronically 
and recorded. Because of its high cost, the electromagnetic flow meter is not 
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in general use. Its main application, at present, is in connection with more 
difficult radioactive streams or low flow rates. 


Pressure 


7.240. Pressure determinations in separation plants are usually limited to the 
measurement of a few feet of water above or below atmospheric pressure. 
Various types of manometers can be used with either pneumatic or electrical 
transmission systems to permit remote recording. 


CONCLUSIONS 


7.241. In the preceding paragraphs an attempt has been made to outline 
some of the procedures adopted to deal with the unusual situations arising from 
the necessity for handling, on the industrial scale, materials which are not only 
highly radioactive but have, in addition, the potentiality of sustaining a fission 
chain reaction. Because of the special design and construction required to 
safeguard personnel and to permit continuity of operation, the processing plants 
are so complex as to defy adequate description in the limited space available here. 


Sympots Usep In Cuaprer VII 
B? buckling 
C number of free volumes of eluent for maximum ion concentration 
D homogeneous distribution coefficient (precipitate/solution) 
D distribution coefficient (organic phase/aqueous phase) 
d designation of electron subgroup 
FE oxidation-reduction potential 
E; formal potential 
electron 
e _ base of natural logarithms 
F number of free volumes 
Jf designation of electron subgroup 
jf. fraction of carrier element in precipitate 
fi fraction of trace element in precipitate 
H height of critical cylinder 
Ka distribution coefficient for ion exchange 
k, distribution of carrier element between precipitate and solution 
k, distribution of trace element between precipitate and solution 
L flow rate of liquid 
n difference in charge of oxidized and reduced states 
n number of charges on ion 
n number of theoretical stages (or plates) 
p designation of electron subgroup 
R radius of critical cylinder 
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R extraction factor 

s designation of electron subgroup 

T absolute (Kelvin) temperature 

T, time of reactor operation 

W half width of elution curve (in free volumes) 
2) initial concentration of solute 

x, final concentration of solute (after n stages) 
a separation factor 


PROBLEMS 


1. A reactor containing 7 lb of highly enriched uranium as fuel operates at a power of 
30,000 kw continuously for 100 days. The fuel is then removed and allowed to cool for 
80 days. Estimate (a) the activity in curies per pound of fuel and (b) the activity in 

i r pound of fission products. 
OO ts an preceding anes, suppose that at the end of the 80-day cooling period the 
barium is rapidly separated from the fission products. What would be the approximate 
activity in curies per pound, assuming it to be due entirely to barium-140? ; 

3. Account for the fact that in Fig. 7.4 the fractional activity for some isotopes increases 
with time after removal from the reactor whereas for others it decreases steadily. Would 
this difference in behavior be expected to continue indefinitely? , 

4. Outline a scheme for the extraction of plutonium and the recovery of uranium from 

1 elements by the ion-exchange method. 
aed orchards process, using a resin column 1 meter long, the “half width” of 
the elution curve for a given ion was found to be 0.94 free volume and the concentration 
of the ion in the eluent was a maximum when 6.7 free volumes had passed through the 
column. Estimate the average height equivalent to a theoretical stage. fa 

6. It is required to extract a particular solute from an aqueous solution, containing a 
salting agent, using an organic solvent; the maximum permissible loss”’ is to be 1 part 
in a million. The flow rate of the organic liquid is 2.4 times that of the solution, and 
the distribution coefficient of the solute between organic and aqueous Phases under the 
given conditions is 0.55. What is the minimum number of actual mixer-settler stages 
that would be needed? 





Chapter VIUIT" 


NUCLEAR REACTOR MATERIALS 








REACTOR FUELS 


INTRODUCTION 


8.1. Many of the materials used in the construction of a nuclear reactor are 
the same as those employed in other forms of engineering construction. How- 
ever, the characteristics of the fission chain reaction necessitate the use of a 
number of special materials which have not hitherto been familiar in industry. 
The materials required for reactor construction may be divided into classes 
according to their particular function; they are (1) fuel, (2) moderator and 
reflector, (3) structure and cladding, (4) coolant, and (5) shield.t The last of 
these categories will be treated in a later chapter in connection with the shielding 
aspects of reactor design; the others will be discussed here. 

8.2. In a reactor fuel there must be present at least one of the fissionable 
species, i.e., uranium-233, uranium-235, or plutonium-239. These are derived 
from two naturally occurring source materials, namely, uranium and thorium. 
The former normally contains 0.7 per cent of the fissionable uranium-235, and, 
in addition, the nonfissionable uranium-238 can be converted into plutonium-239. 
Thorium has no fissionable isotope, but uranium-233 can be obtained from it 
by appropriate nuclear reactions. Consequently the consideration of reactor 
fuels may well begin with an account of the sources, production, and properties 
of the elements uranium and thorium. 


Sourcrs or Uraniumt 


8.3. Uranium is by no means a rare substance; it has been estimated that it 
is present to the extent of about 4 ppm of the earth’s surface. This means that 


* Material contributed by K. B. Brown, G. H. Cartledge, G. E. Evans, 8. Glasstone, J. R. 
Johnson, N. F. Lansing, 8. Peterson, W. H Sullivan, and J. M. Warde. 

Reviewed by K. B, Brown, E. J. Boyle, D. 8. Billington, R. B. Briggs, G. A. Garrett, J. L. 
Gregg, W. R. Grimes, C, J. Hochanadel, J. R. Johnson, F. Kerze, Jr., R. N. Lyon, H. F. 
MeDuffie, E, C. Miller, C. H. Secoy, and J. M. Warde. 

| For general reviews, see Nucleonics, 11, No. 6, 18-34 (1953); 8. McLain, Chem. Eng. Prog., 
50, 240 (1954), 

tJ. J. Katz and 2, Rabinowitch, “The Chemistry of Uranium,” Part I, National Nuclear 
Unergy Series, Div. VII, Vol. 5, McGraw-Hill Book Co, Inc,, 1951, Chapter 8; R. D. Mac- 
donald, Chem, ng. Prog. Symposium Series, No. 11, 80, 60 (1964), 
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uranium is more abundant than relatively familiar elements such as silver, 
mercury, bismuth, and cadmium. The total weight of uranium in the earth’s 
crust, to a depth of 12 miles, is probably of the order of 10 tons. But this 
figure is apt to be misleading because most deposits are of such low grade, con- 
taining 0.001 per cent or less of uranium, that extraction of the metal would 
appear to be uneconomic. 

8.4. Of the uranium sources available to the United States, only two consist 
of relatively high-grade ores; these are the deposits in the Belgian Congo and in 
Canada. The ore as mined contains from 1 to 4 per cent of uranium, chiefly 
in the form of one of the primary minerals pitchblende or wraninite. ‘These are 
both oxides of variable composition ranging between UO: and. U;Og, so that they 
are represented by the general formula +UO2, yUOs; the ratio y/x varying from 
zero to two. 

8.5. Uranium ores of medium grade occur in many parts of the world, in- 
cluding Canada and Australia. The principal deposits within the United States 
are those of the Colorado Plateau, an area which includes portions of Arizona, 
Colorado, New Mexico, and Utah. Although there are considerable variations 
in grade and composition, the majority of the ores mined in this region contain 
from 0.1 to 0.5 per cent of uranium.* Many minerals are present in the Colorado 
Plateau, but most of the production has been of secondary minerals, typically 
of the carnotite (K20-2U03-V20s-xH.0) and autunite (CaO -2U03-P205-~H20) 
families. Some deposits of primary uranium minerals also have been located 
and developed. 

8.6. The carnotite ores of the Colorado Plateau often contain other vanadium 
minerals. These were formerly mined for vanadium, and the residues, some- 
times referred to as “domestic ore concentrate,” have been used as a source of 
uranium. At the present time both the uranium and the vanadium are ex- 
tracted, as described below (§ 8.12). If the demand is sufficient the value of the 
vanadium may compensate to some extent for the cost of recovering the uranium. 
Similarly, uraniferous copper ores, occurring in the White Canyon district near 
Hite, Utah, have been processed for both uranium and copper. The gangues 
in which uranium minerals are found vary widely; they include sandstones, 
limestones, clays, and asphaltites. The nature of the gangue, as well as the 
character and grade of the uranium mineral, determine the type of processing 
that is applicable. 

8.7. As the ores of higher uranium content are depleted, low-grade sources of 
the element will become of increasing significance. Among these the most im- 
mediately important are the South African (Rand) gold-ore residues, containing 
about 0.02 per cent of uranium, of which large amounts of fairly constant com- 
position are available. The mining costs have already been assigned to the 
gold and, in addition, the pyrite contained in the residues can be converted into 


* Under current regulations, the A.C, will purchase domestic ores having a uranium con- 
tent down to 0,1 per cent UO, 
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sulfuric acid for use in processing; the gangue consists mainly of inert quartz. 
Uranium production from the gold-ore residues has already been started and it 
is expected to provide important amounts of the element. 

8.8. Low-grade potential sources within the United States, containing 0.01 
per cent or less of uranium, include the extensive phosphate fields of Florida and 
Idaho, the Tennessee oil shales, and the uraniferous lignites of Wyoming and the 
Dakotas. From the phosphates, a small amount of uranium is being recovered 
in the production of phosphoric acid, and processes are being developed for its 
extraction as a by-product in fertilizer manufacture. The recovery of uranium 
from lignite and shales does not appear to be economic at present. Neverthe- 
less, from the long-range standpoint, the large amounts of uranium in these 
low-grade sources cannot be overlooked, and possible methods of uranium ex- 
traction are being studied. 

8.9. In conclusion, it should be noted that very large quantities of uranium 
are present in sea water, but at the extremely low concentration of 1 to 2 ppb. 
Practicable recovery of materials at this concentration is beyond the reach of 
any presently known processing method. 


TREATMENT OF URANIUM ORES* 


8.10. The higher grade pitchblende ores can be concentrated (“‘upgraded”’) to 
about 50 per cent U;Os at the mine by physical methods, e.g., crushing, screening, 
washing, flotation, and gravity separation, before being shipped to a processor 
(in the United States) for further purification of the uranium. The tailings 
from the physical concentration step and the lower grade pitchblende ores are 
upgraded by chemical methods. The uranium is extracted from the ore, along 
with other metals, by leaching with dilute sulfuric acid in the presence of an 
oxidizing agent, e.g., sodium chlorate or manganese dioxide. After decantation 
and filtration, the uranium may be removed from some of the liquors by adding 
magnesium oxide at controlled pH to precipitate a crude form of magnesium 
uranate, known as MgX. This has a sufficiently high uranium content to permit 
of its use in the refining operation. 

8.11. Many of the carnotite ores from the Colorado Plateau contain vanadium 
in sufficient amount for commercial extraction to be worth while. As indicated 
above, in the past these deposits were processed for vanadium as the sole product, 
but now the uranium is also recovered. The procedure is determined by the 
nature of the ore and gangue, and many minerals have been treated either by 
the ‘acid” or the “carbonate” process as described below. 

8.12. In the acid process} the carnotite ore is crushed, mixed with sodium 
chloride, and roasted; The hydrogen chloride gas evolved is absorbed in water 
to form hydrochloric acid for use in a later stage of the operation. The calcined 
ore is leached with water, and this removes about 75 per cent of the vanadium 


"KR, D, Macdonald, loc, cit; W. L. Lennemann, ng. Mining J., 185, No. 9, 104 (1954), 
| V. L. Saine and K, B, Brown, Report ANCD-8241, 
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as soluble sodium vanadate. The residue is then treated with a mixture of 
hydrochloric and sulfuric acids which extracts about 90 per cent of the uranium 
and an additional 15 per cent of the vanadium. The acid leach is reduced with 
iron, and ammonia is added to precipitate the uranium (and other metals, in- 
cluding the iron) as “green sludge.” The sludge is dissolved in sulfuric acid 
and the solution oxidized with sodium chlorate; the pH is then adjusted to 3, 
at which point the vanadium is precipitated as iron vanadate. The residual 
solution from this step, containing nearly all the uranium, is treated for the 
removal of alumina and silica, and finally sodium diuranate or “soda salt,’ 


Crushed carnotite ore + NaCl 
Roasted 


HCl (absorbed in water) 


+ 


Water leach 


Extract (NaVOs solution) 


1 


Solid residue 
Hydrochloric acid leach 


Solid residue (to waste) 


1 


Solution 
Reduce with Fe and 
precipitate with NH,OH 


Filtrate (to waste) 


r 


Precipitate (“green sludge”) 
Dissolve in H,SO,, oxidize by NaClO,, 
adjust to pH 3, and add FeSO, 


FeVQ, precipitate 


1 


Filtrate 
Add Na,C O3 


Al,0;, SiO, precipitate (to waste) 


7 


Filtrate 
Destroy excess Na,CO3 by acid 
and add NaOH 
Filtrate (to waste) 


Precipitate 
Na, U,0, 


Fia, 8.1, Simplified flow sheet of acid process for uranium extraction 
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approximately Na2U.O;, is precipitated by means of sodium hydroxide. A 
simplified flow sheet of the acid process is shown in Fig. 8.1. 

8.13. The first stage of the carbonate process* is similar to that of the acid 
process, i.e., roasting of the crushed carnotite ore with sodium chloride. The 
roasted ore is quenched in sodium carbonate solution, and most of the uranium 
and vanadium is thereby extracted. Upon neutralizing (pH 6.5 to 7) with sul- 
furic acid, the uranium is precipitated as sodium uranyl vanadate, the excess 
vanadium remaining in solution as sodium vanadate.+ The precipitate is heated 


Crushed carnotite ore + NaCl 
Roasted 


HCl 


T 


Sodium carbonate quenched 
and leached 


Solid residue (to waste) 


t 


Solution 
Adjust to pH 6.5 to 7 with H,SO, 


Filtrate (NaVO, solution) 


T 


Precipitate of 
sodium uranyl vanadate. 
Roast with Na,CO; + sawdust 


Water leach 


Extract (NaVO, solution) 


+ 


Residue 
UO, 


Fia. 8.2. Simplified flow sheet of carbonate process for uranium extraction 


with a mixture of sodium carbonate, sodium chloride, and sawdust and then 
leached with water. The vanadium is extracted as sodium vanadate, and the 
uranium remains in the residue as uranium dioxide (UO). In Fig. 8.2 is given 
a simplified flow sheet of the carbonate process. 

8.14, Ores containing large proportions of calcium carbonate cannot be treated 
by either of the processes described above. In such cases different procedures 
must be used, e.g., direct extraction of uranium from the ore into sodium car- 

* 1, L, Leyshon and ©, I, Coleman, Report ANCD-3223, 


| The precipitate is casentially a synthetic (sodium) carnotite, having the approximate 
compowition NayO+2U04+VyOs2HyO or Nay(UOs)y(VOy)y 20, 
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bonate solution. The same is true for ores containing little or no vanadium, 
e.g., the carnotite from Grants, New Mexico, and the uraninite-autunite deposits 
from Marysvale, Utah. In the latter case the ore is first roasted to destroy 
carbonaceous matter and improve its filtration characteristics, and then leached 
with dilute sulfuric acid. The extract is reduced with iron or aluminum, and 
addition of ammonia and sodium phosphate at pH 2.6 results in the precipitation 
of uranium phosphate. This is heated with sodium carbonate together with 
sodium chloride as flux; the soluble material is leached out with water leaving 
uranium dioxide as the residue. 

8.15. A method for the extraction of uranium from the South African (Rand) 
gold-ore residues (§ 8.7) involves separation of the pyrite by flotation. The 
pyrite is roasted in air and the sulfur dioxide produced is converted into sulfuric 
acid; this is used to leach the uranium from the gold-ore residues. From the 
resulting liquors the uranium can be extracted by an ion-exchange process and 
the product is finally calcined to yield “black oxide,” crude U;0s, which is 
shipped to the United States. 

8.16. Although considerable quantities of phosphatic minerals containing 
uranium are processed to yield fertilizer and other phosphorus products, it is 
generally difficult to recover the uranium without introducing extensive, and 
often impractical, changes into the phosphate industry. However, in certain 
cases the process is such that uranium extraction is possible without disturbing 
the main procedure. One of the most important instances is the recovery of 
the element from industrial phosphoric acid, which is produced as an intermediate 
in the manufacture of “triple phosphate.” 

8.17. The so-called ‘leached zone,” which is part of the overburden of the 
Florida phosphate pebble beds, contains significant quantities (0.01 to 0.015 
per cent) of uranium. The material, mainly a mixture of silica, clay, and alumi- 
num and calcium phosphates, has hitherto been discarded by throwing it back 
into the mined-out pits. However, processes are now being developed for re- 
covering the uranium from the leached zone with phosphate fertilizer and pos- 
sibly aluminum oxide as by-products. 

8.18. It may be mentioned that experimental studies have been made of the 
recovery of uranium from oil shales and, to a lesser extent, from lignites. Since 
these sources are unlikely to be economically significant for many years, by 
which time entirely different extraction processes may be developed, the subject 
need not be considered further here. Reference to the recovery of uranium 
from monazite sand will be made later (§ 8.31). 


PURIFICATION OF URANIUM FROM CONCENTRATES 


8.19. Because the uranium for use as a reactor fuel must be especially free 
from elements having appreciable neutron-capture cross sections, the products 
of the processes already described are subjected to further purification. For this 
purpose solvent extraction has been used for some time, Until recently diethyl 
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ether was employed exclusively as the solvent,* but this is being replaced by 
other organic media, of the type referred to in § 7.164, e.g., n-tributyl phosphate, 
which are less volatile and less inflammable. 

8.20. In the diethyl ether process, the concentrate, consisting of uranium 
oxide (UOz or U3;Og), sodium diuranate, MgX, or other product, is treated with 
nitric acid to form uranyl nitrate solution. Lead and radium, if present, are 
removed from the solution by precipitation as sulfate with barium sulfate as 
carrier. The filtered uranyl nitrate solution is then extracted with diethyl ether. 
The organic phase containing the uranium is scrubbed with dilute nitric acid 
for further purification, and the urany] nitrate is finally back-extracted into the 
aqueous phase with water. The solution is evaporated to remove nitric acid 
and water, and the final product is usually sufficiently pure for reactor appli- 
cations. 

8.21. In a modified form of the solvent extraction procedure used in the 
United States, the uranyl nitrate is extracted directly from a slurry by means of 
an organic solvent, without the necessity for filtration. A nitric acid digest of 
the finely ground uranium concentrate is fed into the middle of an extraction 
column. As it runs down the slurry meets an upflowing stream of organic 
solvent which removes the uranyl nitrate. In the upper half of the column 
the organic phase is scrubbed with nitric acid, and the uranyl nitrate is then 
back-extracted with demineralized water in a stripping column (cf. § 7.174). 


PREPARATION OF URANIUM Metat AND HEXAFLUORIDET 


8.22. For use in nuclear energy work, uranium is generally required either in 
the form of uranium metal, for fabrication into fuel elements, or as hexafluoride 
(“‘hex’’) to constitute the feed for the separation of the isotopes by the gaseous- 
diffusion method (§ 8.60). In each case uranium tetrafluoride (UF,), sometimes 
referred to as “green salt,’’ must first be prepared and this can be converted 
either into metal or into hexafluoride. 

8.23. Several different methods have been used for the production of uranium 
tetrafluoride, but all involve the intermediate formation of the dioxide (‘brown 
oxide’). The concentrated solution of purified uranyl nitrate may be heated 
directly in a furnace to yield the trioxide (‘orange oxide’’), ie., UOs, which is 
subsequently reduced with hydrogen at about 600°C (1100°F) to the dioxide. 
Alternatively, the uranyl nitrate solution is treated either with ammonia (to 
precipitate ammonium diuranate) or with hydrogen peroxide (to precipitate 
hydrated uranium peroxide, UO.-xH;0). The precipitate is filtered off, dried, 


* See, for example, H. D. Smyth, “‘Atomic Energy for Military Purposes,” U. 8. Government 
Printing Office, 1945, § 6.12; K. E. B, Jay, “Britain’s Atomic Factories,” H. M. Stationery 
Office, 1954, p. 16, 

+ C, Bichner, B. Goldschmidt, and P. Vertes, Bull, Soc, Chim., 140 (1951), Report NYO- 
1840 (translation); J. Van Impe, Chem, Eng. Prog., $0, 280 (1054); H, M. Finniston, Research, 
5, 456 (1052); K. B, B. Jay, op. cit., p. 17; see also, A, 8, Newton, U. 8, P., 2,446,780 (1948), 
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and heated to form uranium trioxide, in each ease; this oxide is then reduced to 
the dioxide with hydrogen, as stated above. 

8.24. The simplest procedure for converting uranium dioxide to the tetra- 
fluoride is to heat the oxide in a furnace and pass anhydrous hydrogen fluoride 
gas over it, when the reaction 


UO, + 4HF — 2H20 + UF: 


takes place. The resulting “green salt’ is a solid having a high melting point 
(about 960°C or 1760°F) and so is left behind. Because of the highly corrosive 
nature of hydrogen fluoride, special alloys are used for the furnace lining and for 
the pipes through which the gas passes. 

8.25. For production of uranium tetrafluoride on a moderate scale two other 
methods have been employed that do not require gaseous hydrogen fluoride. 
In one a 40 per cent solution of aqueous hydrofluoric acid is allowed to react 
with uranium dioxide in a hard-rubber vat. The dioxide is thereby converted 
into solid uranium tetrafluoride which is filtered, washed, and carefully dried by 
heating. In the other method the double salt NH,F- UF; is first formed by the 
action of solid ammonium acid fluoride (NH,HF:) on uranium dioxide at 150°C 
(300°F). The double salt is then slowly heated in a vacuum furnace, up to 
about 500°C (930°F), when the ammonium fluoride distills off, leaving the 
uranium tetrafluoride. 

8.26. In the conversion into uranium metal, the finely powdered tetrafluoride 
is heated in a steel mold or bomb with either calcium or magnesium of high 
purity; the reaction taking place, e.g., with calcium, is then 


UF, + 2Ca —- U + 2Cak». 


The calcium (or magnesium) fluoride forms a slag on the surface of the uranium, 
from which it can be separated. In order to prevent entry of impurities into 
the uranium metal, the reaction vessel is lined with a refractory material, such 
as calcium fluoride (fluorite). The massive metal is then removed, melted (at 
1300°C or 2370°F) in a graphite crucible under vacuum to remove volatile im- 
purities, and poured into molds. The ingots so produced are suitable for vari- 


TABLE 8.1. TYPICAL ANALYSIS OF URANIUM METAL 
FOR REACTOR FUEL 


Element Ppm Element Ppm 
Carbon.............. 40 Chromium . '.05 66 oyse06 + <5 
TrODyoesc ced ee cswes § 28 Magnesium........... <5 
Aluminum........... <20 INOUE S$ Diss Slaten hs <5 
VO cate ten cirise Mic 16 (CEG ED 5 hss 5 reps one! 3 
UIGOR Sy tiaiss, sss mawins 10 Molybdenum......... <1 
Potassium........... <10 ABN Fin, iPisdrieeien dete <1 
Manganese.......... 8 Bee on 1: cetar hinpialhs <0.5 


Nitrogen si. viilisnees 7 BO so his. ashi n'Vistind ie ie 
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ous types of fabrication to be described later (§ 8.47). Some indication of the 
purity of the product is given by the results in Table 8.1, obtained mainly by 
spectrographic analysis.* In addition to the elements mentioned in the table, 
tests were made for the following which were either absent entirely or present 
in undetectable amounts: arsenic, barium, bismuth, cadmium, cobalt, cesium, 
germanium, indium, rubidium, antimony, tin, columbium (niobium), gallium, 
hafnium, palladium, tantalum, titanium, vanadium, and zirconium. 

8.27. If the uranium tetrafluoride is to be converted to the hexafluoride, the 
former is allowed to react with fluorine gas at temperatures somewhat above 


Uranium ore 


Uranium concentrate 
Add HNO; and extract with organic solvent 


Aqueous phase (impurities) 


Organic phase contains UO,(NOs)2 
Back-extract with water 


UO,(NOs). in aqueous solution 
Concentrate and heat 


UOs (“orange oxide”) 
Reduce with H, at 600°C 


UO, (“brown oxide”) 
Heat in HF gas 


UF, (“green salt”) 


Heat with Ca or Mg React with F, gas 
in bomb above 250°C 


Uranium metal UF g (“hex”) 


Mia, 8.38, Summary flow diagram for uranium metal and uranium hexafluoride 
production 


"J, Van Impe, loc, eit, 
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250°C (480°F);* the reaction occurring is simply UF, + F, — UFs. Since 
uranium hexafluoride, in contrast to the tetrafluoride, is very volatile, ¢ it is 
vaporized as fast as it is formed and is collected (as solid) in traps cooled to 
temperatures well below 0°C (32°F). A general flow sheet showing the various 
stages involved in the production of either uranium metal or uranium hexa- 
fluoride from the ore is given in Fig. 8.3. 


TuHorIuM SOURCES 


8.28. The average abundance of thorium in the earth’s crust has been esti- 
mated to be three times as great as that of uranium, i.e., about 12 ppm. How- 
ever, there are so few recognized deposits containing significant quantities of 
thorium that the total amount which can be extracted at a reasonable cost may 
be less than that of uranium. The richest naturally occurring thorium minerals 
are thorite and orangite, both silicates containing 50 to 70 per cent of thorium 
dioxide (ThO.), but the known deposits are too small to provide an important 
source of the element. Most commercial supplies are obtained from the mona- 
zite-bearing sands, of which the largest amounts are found in the state of 
Travancore, India. There are also considerable quantities of monazite sand 
in Brazil; lesser amounts are found in other parts of the world, including North 
and South Carolina, Florida, and Idaho in the United States. f 

8.29. Monazite is essentially a mixture of rare-earth phosphates, containing 
a small percentage of thorium and a still smaller proportion of uranium. The 
alluvial deposits, resulting from the weathering of granites, include a great deal 
of silica (sand), and these are treated by standard physical and mechanical 
methods to concentrate the monazite. The resulting product may contain from 
5 to 8 per cent of thorium, 0.15 to 0.25 per cent of uranium, and some 50 per cent 
of rare-earth elements, mostly in the form of phosphates. There are also vari- 
able amounts of silica as well as of iron, titanium, and other metals. 


EXTRACTION OF THORIUM 


8.30. In the past the thorium—and a small proportion of cerium—was ex- 
tracted from monazite for the manufacture of Welsbach incandescent mantles, 
but at the present time recovery of the uranium, and also of the rare-earth 
elements, is considered desirable. Two processes have been developed for 
achieving these ends; they are distinguished by the fact that they involve alkaline 
or acid digestion, respectively. 


* J. J. Katz and E. Rabinowitch. op. cit., p. 398. 

+ Pure uranium hexafluoride, which is a solid at ordinary temperatures, sublimes at 56.5°C 
(133.7°F); that is to say, it then has a vapor pressure of 1 atm (760 mm Hg). The pure liquid 
can exist only under pressures in excess of 1184 mm and temperatures above 64.05°C (147,3°F), 
the triple point. 

} The Indian reserves are estimated to contain about 170,000 tons of thorium and the 
Brazilian reserves about 10,000 tons (U. 8. Bureau of Mines, ‘Minerals Year Book,” U, 8. 
Government Printing Office, 1949), 
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8.31. The first stage in the alkaline process* is digestion of the monazite 
concentrate with 73 per cent sodium hydroxide solution at about 140°C (284°F). 
This results in the conversion of the phosphate into soluble sodium triphosphate, 
while the thorium, uranium, and rare-earth elements are left as insoluble hydrous 
oxides. The latter are filtered off and dissolved in hot concentrated hydrochloric 
acid, and then by the addition of alkali the pH is adjusted to 5.8. A hydrous 


Monazite + NaOH 
Digest at 140°C, dilute and filter 


Filtrate (NagPO,) 


Precipitate (Th, U, R.E.) 
Dissolve in HCl; adjust to pH 5.8 with 
NaOH and filter 


Filtrate (R.E.) 


Precipitate (Th, U, and some R.E.) 
Dissolve in HNO; and filter 


Residue (to waste) 


Filtrate (Th, U nitrates, HNO, some R.E.) 
Extract with organic solvent 


Aqueous phase (R.E.) 


Organic extract (Tn, U, HNO3) 
Strip with water 


Aqueous phase (Th, HNOs) Organic phase (U) 


Add oxalic acid Strip with water and 
add NH,OH 
Th(C20,)2 
(NH,)2U207 


Fia. 8.4. Simplified flow sheet of alkaline process for treatment of monazite sand 


oxide precipitate is thus obtained containing over 99 per cent of the thorium 
and uranium with only 2 to 3 per cent of the rare earths, the greater proportion 
of the latter remaining in solution. Further purification of the thorium and 
uranium and separation from each other are achieved by solvent extraction of 
the nitrate solution obtained by dissolving the hydrous oxide precipitate in 
nitric acid. A flow sheet of the process is outlined in Fig. 8.4. 


(1068) 1, Bearse, G, D, Calkins, J. W. Clegg, and R. B, Filbert, Jr., Chem. Eng. Prog., 50, 235 
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8.32. In the acid digestion process* the monazite is treated with hot concen- 
trated (93 per cent) sulfuric acid, so that the thorium, uranium, and rare-earth 
elements pass into solution as sulfates together with phosphoric acid. Upon 
dilution of the solution and adjustment of the pH to about 1.0 with ammonium 
hydroxide, essentially all the thorium is precipitated accompanied by about 5 
per cent of the rare earths. Because of the great preponderance of the latter 
in the monazite sand, the precipitate consists of about half thorium phosphate 
and half occluded rare-earth sulfates. The uranium and the bulk of the rare 
earths remain in solution, but upon raising the pH to 2.3, by the addition of 
more ammonia, most of the rare earths are precipitated. Finally, by adjusting 
the pH to about 6.0, the precipitate formed contains nearly all of the uranium 


Monazite + hot H,SO, 
Dilute and filter 


Residue (to waste) 


Filtrate (Th, U, R.E.) 
Adjust to pH 1.0 with NH,OH 


and filter 
Precipitate Filtrate 
(Th + some R.E.) (U + bulk of R.E.) 
Dissolve in HNO; and Adjust pH to 2.3 with NH,OH; 
extract with organic solvent filter 
Aqueous phase Precipitate (R.E.) 


(R.E.) 
Solution contains U; 
Organic extract adjust to pH 6 


contains Th 
Filtrate 


(impurities) 


Precipitate 
(U + some R.E.) 
Dissolve in HNO; and 
extract with organic solvent 


Aqueous phase 
(R.E.) 


Organic extract 
contains U 


Fia, 8.5. Simplified flow sheet of acid process for treatment of monazite sand 


*M, Smuts, G, L. Bridger, IK. G, Shaw, and M, I. Whatley, Chem, Eng. Prog. Symposium 
Series, No. 13, 50, 167 (1954). 
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together with the residual rare earths. The thorium and uranium precipitates 
are purified from the accompanying rare-earth elements by solvent extraction 
after dissolving in nitric acid. A simplified flow sheet of the acid digestion 
process is given in Fig. 8.5. 


PRopUCTION oF THoRIUM MeETAL* 


8.33. The problem of reducing thorium compounds to the metal is somewhat 
analogous to that encountered with uranium, and similar methods have been 
employed to obtain the two metals. Thus metallic thorium can be prepared by 
reduction in a bomb of the tetrachloride or tetrafluoride with either sodium, 
calcium, or magnesium. Thorium oxalate is first heated in air to 650°C (1200°F) 
to form thorium dioxide (ThO.), and then hydrogen fluoride gas is passed over 
the dioxide, heated to 550°C (1020°F), to yield thorium tetrafluoride (ThF,), as 
described for uranium (§ 8.24). 

8.34. The reduction of thorium tetrafluoride to the metal by calcium or 
magnesium is rendered difficult because of the high melting point of thorium 
(about 1690°C or 3075°F). One way in which this difficulty may be overcome 
is to introduce zinc into the reduction system, since this forms a relatively low 
melting point alloy with thorium. When the reduction is complete, the zinc 
can be removed by heating the alloy ina vacuum. The zine distils off, leaving 
the thorium either as a spongy mass or in the form of liquid if the temperature is 
high enough. 

8.35. Thorium metal of very high (>99.9 per cent) purity can be obtained by 
the deBoer iodide process. Thorium tetraiodide, produced by the action of 
iodine vapor on machined chips of the impure metal, is thermally decomposed 
in a sealed Vycor tube by means of an electrically heated wire filament. The 
pure thorium deposits on the filament in a loosely knit crystalline form which 
can be converted into an ingot by are melting. ‘The iodine liberated in the 
decomposition is available for reaction with more impure thorium, so that the 
process is essentially continuous. 


PROPERTIES OF URANIUM METALt 


GENERAL AND PuysicaL PROPERTIES 


8.36. Massive uranium in the pure state is a dense, hard, white to grayish- 
white metal with a distinct luster when freshly prepared. It tarnishes readily 
in air due to the formation of a loosely adherent oxide film. Because of this 
rapid reaction with oxygen, the finely divided metal is pyrophoric, and fine chips 


“HH. M, Finniston, loc. cit.; J. R. Keeler, Chem. Eng. Prog. Symposium Series, No. 11, 50, 
57 (1954), 

| Vor further details and references, see J. J. Katz and 2, Rabinowitch, op. cit., Chapters 5 
and 6; HL. A, Saller and F, A. Rough, Chem. Eng. Prog. Symposium Series, No. 11, 50, 63 (1954); 
Il, M, Finniston, loc, cit.; Times Setence Review (London), No. 6, 11 (1952); CO. EB. Hampel 
(Hd,), “Rare Metals Handbook,” Reinhold Publishing Corp,, 1954, Chapter 26 (by G. Meister), 
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or turnings are a serious fire hazard if exposed to air. Treatment of uranium 
metal at elevated temperatures must therefore be carried out in an inert at- 
mosphere or in a vacuum. Fortunately the vapor pressure of both the solid 
and the liquid for an appreciable temperature range above the melting point is 
relatively low, so that a high vacuum can be used for casting or for removal of 
more volatile impurities (cf. § 8.26). 

8.37. Between ordinary atmospheric temperature and its melting point 
(1133°C or 2070°F), uranium exists in three different crystalline (allotropic) 
forms. This fact has a significant influence on the treatment and behavior of 
reactor fuel elements at elevated temperatures. The three forms are called the 
alpha, beta, and gamma phases, respectively, and their characteristic properties 
are indicated in Table 8.2.* The cell dimensions and the density, calculated 
from X-ray measurements, are for the stated temperatures.t Owing to the 
presence of small amounts of carbon, the actual density of massive (alpha) ura- 
nium is usually less than that given in the table. 


TABLE 8.2. PROPERTIES OF THE CRYSTALLINE FORMS OF URANIUM 


Sn nnn ey LE yEEEEssstns nnn 


Property Alpha Phase Beta Phase Gamma Phase 
Stability range, °C Below 662 662 to 772 772 to 1133 (m.p.) 
Fr Below 1224 1224 to 1422 1422 to 2070 

Crystalline form Orthorhombic Tetragonal Body-centered cubic 
Cell dimensions, A (20°C) (720°C) (805°C) 

do 2.858 10.76 3.524 

bo 5.877 — — 

Co 4.955 5.656 _ 
Density (calc.), g/cm? 19.00 18.11 18.06 


General characteristics Soft and ductile Hard and brittle Very soft 





8.38. The structures of the alpha and gamma phases are relatively simple. 
The alpha phase may be regarded as having a distorted hexagonal close-packed 
structure, whereas the gamma phase is body-centered cubic. The beta phase is 
somewhat more complex, the tetragonal unit cell containing 30 atoms. 

8.39. The low symmetry of the orthorhombic system leads to considerable 
anisotropy in the alpha phase of uranium, as is indicated by the cell dimensions 
in Table 8.2. One consequence is that the thermal expansion is anisotropic, as 
may be seen from the approximate average coefficients of thermal expansion in 
the principal crystallographic directions recorded in Table 8.3; the temperature 
range is from 25 to 650°C (77 to 1200°F). Thus, while the dimensions parallel 
to the [100] and [001] directions increase, although to different extents, with 

* Cf. J. Thewlis, Nature, 168, 198 (1951); Acta Cryst., 5, 790 (1952); C. W. Tucker, Jr. and 
P. Senio, ibid., 6, 753 (1953). , 


+The estimated values for the beta phase at ordinary temperatures are ao = 10.59 A, 
co ™ 6.6384 A; density = 18.66 g/em', 
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increasing temperature, there is a decrease parallel to the [010] plane direction. 
Upon heating or cooling, therefore, crystals of the alpha phase of uranium 
undergo considerable distortion. 


TABLE 8.3. COEFFICIENTS OF THERMAL EXPANSION OF ALPHA PHASE 
OF URANIUM FROM 25 To 650°c (77 To 1200°F) 


Direction Average linear coefficient, per °C 
a [100] 36.7 X 10 
b [010] —9.3 X 10% 
¢ [001] 34.2 x 10-6 


8.40. The structure of the alpha phase is not at all typical of a metal but 
resembles more that of the pseudo-metals, such as tellurium. This is mani- 
fested in the relatively low thermal and electrical conductivity of alpha uranium. 
The thermal conductivity is about 0.060 cal/(sec)(em?)(°C/cem)*, and the elec- 
trical resistivity is 25 to 30 X 10-* ohm-cm at 25°C (78°F).f The values are 
undoubtedly dependent on the crystallographic direction, and the results quoted 
are to be regarded as approximate averages. The close-packed cubic structure 
of the gamma phase is characteristic of many metals, and it is of interest to 
record that the transition from beta to gamma (and also from alpha to beta) 
is accompanied by a decrease in electrical resistivity; there is probably an ac- 
companying increase in thermal conductivity. 

8.41. Although the phase changes take place fairly sharply at the transition 
temperatures, i.e., 662°C (1224°F) for a = B and 772°C (1422°F) for B = y, it 
is possible by suitable alloying to retain the beta and gamma structures at room 
temperatures. For example, the presence of a relatively small amount of 
chromium results in a stabilization of the beta phase, whereas certain solid 
solutions of uranium and molybdenum retain the gamma structure. 


MECHANICAL PROPERTIES 


Hardness 


8.42. The hardness of uranium is dependent on the treatment of the metal. 
The average hardness, at ordinary temperatures, of cast annealed metal is in 
the region of 200 to 220 on the Brinell scale or about 90 on the Rockwell B scale. 
As a result of cold-working, the hardness can be increased from Rockwell B 90 
to 115 or more. Most of this increase occurs during the first 20 per cent re- 
duction in thickness, further cold-work having little effect. The hardness of 
cold-worked uranium begins to decrease upon heating to 150°C (300°F), and 

*To convert thermal conductivities in. metric units to values in engineering units, i.e., 
Btu/(hr) (ft) (Pl /ft), multiply by 242, 

{| For purposes of comparison, it may be noted that, for copper at ordinary temperatures, 


the thermal conductivity is about 1 eal/(sec)(em*)(°C/om) and the electrical resistivity is 
1,72 & 10° ohmeom, 
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complete annealing occurs at 600 to 700°C (1110 to 1290°F). Increase of tem- 
perature is accompanied by a decrease in hardness of the alpha phase. By 
650°C (1200°F), the Brinell number has dropped to 13, but there is an increase 
to 30 or 40 Brinell units when the beta phase is formed. Further increase of 
temperature results in a continued decrease in hardness, and the gamma phase 
above 772°C (1422°F) is so soft that it cannot be measured on the Brinell scale. 


Elasticity 

8.43. The proportionality between stress and strain for the alpha phase occurs 
only at loads of less than 10 to 15 X 10? psi. The modulus of elasticity is then 
15 to 25 X 10° psi. The range in values is probably related to the anisotropic 
nature of the alpha form. With increasing temperature both the proportional 
limit and the elasticity decrease rapidly. Because the proportional limit for 
uranium is so relatively low, the metal has been described as “‘semiplastic.’”’ 
In accordance with this semiplastic nature, the Poisson’s ratio of uranium is low. 
The observed values depend on the treatment of the material, but most reported 
data are in the range from 0.2 to 0.25. 

8.44. Since stress-strain curves for uranium show a very low proportional 
limit, the yield strength is usually designated as the stress required to produce 
a strain 0.2 per cent larger than that which would be expected from elastic 
behavior. This value varies from 25 to 130 X 10° psi, depending on prior cold 
work, impurity content, method of fabrication, and orientation of the test 
sample. Fabricated uranium is highly anisotropic in its properties and may 
show an appreciable difference in yield strengths measured in the direction of 
working or perpendicular to this direction. 


Strength 

8.45. At ordinary temperatures the ultimate tensile strength of alpha uranium 
varies between 50 and 200 X 10? psi; the highest values result from cold-working 
and the lowest from annealing at high temperature. The tensile strength is 
somewhat improved by quenching; thus, rolled, forged, or swaged specimens 
quenched from 600 to 1000°C (1110 to 1830°F) have tensile strengths of 90 
to 130 X 10% psi. With increase of temperature the tensile strength decreases 
rapidly; one specimen, for example, decreased from 53 X 10° psi at room tem- 
perature to 27 X 10° psi at 150°C (300°F) and 13 X 10? psi at 600°C (1110°F). 

8.46. It will be evident from the foregoing remarks that the mechanical 
properties of metallic uranium vary considerably with the condition and previous 


TABLE 8.4. MECHANICAL PROPERTIES OF ANNEALED URANIUM 


Tensile strength, psi... ...--. 6. sce eee eee eens 50 to 200 X 10° 
Yield strength (0.2% offset), psi... 6.0.0.2 50005 25 to 180 x 10% 
Modulus of elasticity, psi... 6... ees 15 to 25 x 10° 
Proportional limit, psi.... 6.060 s creer eens 10 to 15 & 108 


Polason’s ratlOr.scrrccrsrcreven veneer eeneees 0,2 to 0.25 
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treatment of the specimen. The summarized data in Table 8.4 may be re- 
garded, however, as being roughly applicable to annealed (alpha phase) uranium 
at ordinary temperatures. 


FABRICATION OF URANIUM Metra 


8.47. Uranium can be fabricated by conventional means, including casting 
rolling, extrusion, forging, swaging, drawing, and machining. Hot-rolling of the 
alpha phase is a useful method for forming the metal. Because of the ease with 
which uranium oxidizes, especially at higher temperatures, it must be protected 
from air during fabrication, either by means of a fused salt or by an atmosphere 
of inert gas. Although the metal can be machined moderately easily, suitable 
lubricants and coolants are required to prevent oxidation. 

8.48. Uranium parts can be joined by welding or brazing. Fusion welding is 
achieved by using a Heliare torch in an inert atmosphere. Brazing is rendered 
somewhat difficult by the formation of brittle alloys between the uranium and 
most of the common brazing alloys. Satisfactory results have been obtained 
by first plating the uranium with nickel or silver and then brazing the plated 
metal by conventional methods. 


Uranium ALLOYS 


8.49. Because of its low strength and poor corrosion resistance, as well as for 
other reasons, investigations have been made of combinations of upaacer’ with 
various metals in the hope of finding alloys which do not have the drawbacks 
of uranium itself. The greatest improvements in both mechanical properties 
and in corrosion resistance have been observed with alloys containing small 
amounts of the added metal in solid solution. Among the elements having 
appreciable solubility in the solid uranium phase at elevated temperatures men- 
tion may be made of zirconium, titanium, columbium, and molybdenum. A 
number of elements form-intermetallic compounds with uranium. One of these 
is See ee has been extensively used to alloy with uranium for the fabri- 
cation of reactor fuel elem ; 
as as Fa arr Three compounds, namely, UAl, UAl;, and 


PROPERTIES OF THORIUM METALTt 


GENERAL AND PuysicaL PROPERTIES 


8.50. Although thorium is a dense metal, it is less dense, as well as softer, than 
uranium. Freshly prepared surfaces have a bright metallic silvery luster, which 
soon darkens upon exposure to the atmosphere, due to the formation of an oxide 


+H cone ap" A. R. Kaufmann, Report AECD-2683, 

A, Baller, Proc, Conf. on Nuc. Hng., Berkeley, 1958, p. 11; Science, 119, 4 (1 ’ 
Kooler, Chem. Ting. Prog. Symposium Series, No, 11, $0, 57 (1054); C, A. tlampol fa) Bare 
Metala Handbook,” Reinhold Publishing Corp,, 1954, Chapter 23 (by W, C, Liliendahl). 
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layer. Finely divided thorium is pyrophoric, so that care must be maintained 
when castings are machined to avoid combustion of the chips. The massive 
metal scales rapidly in air, especially at elevated temperatures, and also in 
boiling water. 

8.51. Thorium melts at 1690°C (3075°F), and over most of the range from 
room temperature to the melting point it has a face-centered cubic structure. 
Between 1400 and 1500°C (2550 and 2730°F) a phase change, leading to a body- 
centered cubic form, has been reported. The fact that thorium belongs to the 
cubic system means that its properties will be isotropic; in this respect, therefore, 
it has advantages over uranium which exhibits anisotropic behavior over a 
considerable temperature range. 

8.52. The edge length of the face-centered cubic cell at ordinary temperatures 
is 5.08 A, and the corresponding calculated density of thorium is 11.7 g/cm’. 
The experimentally determined value for the arc-melted metal is 11.66 g/cm’. 
The linear coefficient of thermal expansion is 12 X 10-* per °C between 25 and 
500°C (78 and 930°F). 

8.53. The thermal conductivity of thorium is 0.090 at 100°C (212°F) and 
increases +o 0.108 cal/(sec)(cm2)(°C/em) at 650°C (1200°F). Its electrical re- 
sistivity is about half that of alpha uranium, namely, 18 X 10-* ohm-cm. This 
is in accord with the more pronounced metallic character of the face-centered 
cubic structure. Some of the mechanical properties of annealed thorium metal 
at room temperatures are recorded in Table 8.5. By cold-rolling, the tensile 
strength can be increased to 60 X 10* psi, and the hardness is appreciably in- 
creased at.the same time. 


TABLE 8.5. MECHANICAL PROPERTIES OF ANNEALED THORIUM 


Tensile strength, psi............ 06... eee eee ee 32 to 37 X 108 
Yield strength (0.2% offset), psi.............-4- 24 to 32 X 103 
Modulus of elasticity, psi.............+..+- +0 10 x 108 
Proportional limit, psi......... 6... eee eee ee eee 22 X 10° 
Shear modulus, psi...  ......--- 2 cess ee eee eee 4 X 10° 


FABRICATION OF THORIUM METAL 


8.54. Like uranium, metallic thorium can be fabricated by a variety of stand- 
ard methods. The material is very ductile and considerable reduction is possible 
before annealing is necessary. It can be forged, extruded, hot- and cold-rolled, 
swaged, and drawn. Although the metal is semi-brittle under impact at ordi- 


nary temperatures, it becomes quite tough at about 250°C (480°F). The ma- 


chining characteristics of thorium are similar to those of mild steel. In order 
to prevent oxidation of the metal during fabrication, appropriate steps must be 


taken to prevent access of air. 
8.55. Joining of thorium either to itself or to other metals has proved difficult, 





8.57] NUCLEAR REACTOR MATERIALS 461 


Various attempts at welding and brazing have not been very successful, for one 
reason or another. 


Tuorium ALLOYS 


8.56. The investigation of thorium alloys has had two important objectives: 
the discovery of materials with improved mechanical properties and with greater 
corrosion resistance. Thorium forms intermetallic compounds with many other 
metals and several of these alloys are appreciably stronger than thorium itself. 
The presence of small proportions of carbon produces a marked increase in the 
hardness of the metal. Although thorium is readily attacked by boiling water, 
as already indicated, an alloy containing 25 to 30 per cent by weight of zirconium 
is reported to have shown no change in weight after 376 hours in boiling water. 


PROPERTIES OF PLUTONIUM METAL * 


GENERAL AND PuysicAL PROPERTIES 


8.57. Because of its special importance in atomic weapons, relatively little 
information has been published on the physical and metallurgical properties of 
plutonium. Nevertheless, since plutonium-239 has interesting nuclear prop- 
erties, it may one day play an important role as the fuel material in breeder 
reactors (§ 1.147). The metal has been obtained by reduction of the fluoride, 
either PuF; or PuF4, with one of the alkaline-earth elements, e.g., barium in the 
vapor form. 


TABLE 8.6. PROPERTIES OF SOLID PHASES OF PLUTONIUM 














Density Thermal Expansion Coeff. 
Phase | Stability Range Structure (g/cm) per °C X 108 
a Below 122°C Complex 19.7 (25°C) 51 
(252°F) 
B 122 to 206°C Complex 17.6 (150°C) 38 
(252 to 403°F) 
¥ 206 to 319°C Face-centered 17.2 (210°C) 35 
(403 to 607°F) orthorhombic 
6 319 to 451°C Face-centered 15.9 (320°C) —10 
(607 to 844°F) cubic 
5’ 451 to 476°C Face-centered 16.0 (465°C) —120 
(844 to 889°F) tetragonal 
¢ 476 to 640°C Body-centered 16.5 (500°C) 26 
(m.p.) cubic 


(889 to 1185°F) 


"Ti. R. Jette, J. Chem, Phys., 23, 365 (1955); see also, ©, S. Smith, Metal Prog., 65, No. 5, 
81 (1954); Phys. Rev,, 94, 1068 (1954); W, B. H, Lord, Nature, 173, 584 (1954); J. G. Ball, 
ot al,, tbid,, 173, 685 (1954), 
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8.58. Plutonium is a heavy metal, its density being near to that of uranium. 
Fresh surfaces have a distinctly metallic luster, but they tarnish readily upon 
exposure to air. The physical metallurgy of plutonium is complicated by the 
fact that six allotropic forms, designated by the Greek letters a, 8, y, 6, 6’, and ¢, 
respectively, have been reported from room temperature to the melting point, 
which is only 640°C (1185°F). The stability ranges and some of the properties 
of the six solid phases are given in Table 8.6. The alpha phase, stable at ordi- 
nary temperatures, was at one time thought to be isomorphous with alpha- 
uranium, but this is not the case. The delta and delta prime phases of plutonium 
are remarkable in having negative temperature coefficients of expansion, a prop- 
erty which is apparently unique among metals. 

8.59. The electrical resistivity, which is 145 X 10-* ohm-cm for the alpha 
phase and about 105 to 110 X 10-* ohm-cm for the other five solid phases, is 
higher than that for any other metallic element. This suggests that the thermal 
conductivity of plutonium metal is probably relatively low. Another remark- 
able fact about plutonium is that for no phase do both the coefficient of thermal 
expansion and the temperature coefficient of resistivity behave in a conventional 
manner. Thus for the alpha, beta, gamma, and epsilon phases, the former is 
positive, which is normal, but the latter is negative. On the other hand, for 


the delta and delta prime phases the electrical resistance increases with temper- 


ature, as is usual, but now the coefficient of thermal expansion is negative. 


SEPARATION OF URANIUM ISOTOPES 


GENERAL PRINCIPLES OF GASEOUS DIFFUSION 


8.60. Enriched uranium, i.e., uranium containing more than the natural 
amount (0.71 per cent) of uranium-235, is being used as fuel in a number of 
reactors and will probably be employed in many reactors of the future. It is 
consequently appropriate to give a short account here of the method used for 
performing the isotopic separation necessary for producing enriched uranium. 
Several procedures for concentrating the uranium-235 in natural uranium were 
tested, but all others were soon abandoned in favor of the so-called gascous- 
diffusion process. This process has been in successful operation at Oak Ridge, 
Tennessee, since 1945 and is being adopted for the newer separation plants at 
Paducah, Kentucky, and Portsmouth, Ohio.* 

8.61. The gaseous-diffusion method for the separation of isotopes makes use 
of the different rates at which gases (or vapors) of different molecular weight 
diffuse through a porous barrier consisting of a number of fine holes or pores. f 


* For descriptions of the original (K-25) plant at Oak Ridge, see J. I’, Hogerton, Chem. Eing., 
52, No. 12, 98 (1945); P. C. Keith, ibid., 53, No. 2, 112 (1946). 

+ The passage of gas through fine pores, small in comparison with the mean free path of the 
molecules, is properly called effusion rather than diffusion, The description “gasoous diffue 
sion’’ for the isotope separation process is thus not strictly correct, 
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For the separation of the isotopes of uranium the barriers contain hundreds of 
millions of pores per square inch, the average diameter of the pores being about 
two millionths of an inch. A lighter isotopic molecule will diffuse (or effuse) 
through such barriers faster than a heavier one so that a partial separation of 
the isotopes is possible. The gas which first passes through the barrier will be 
relatively richer in the lighter isotope, whereas that remaining will contain a 
correspondingly higher proportion of the heavier isotopic form. 

8.62. For the separation of the isotopes of uranium by diffusion, the gaseous 
compound employed is the hexafluoride, UF. As stated in § 8.27, this substance 
is a solid at ordinary temperatures, but it has a high vapor pressure; thus, at 
56.5°C (133.7°F), the normal sublimation temperature, the vapor pressure is 
equal to 1 atm, ie., 760 mm Hg. From the standpoint of gaseous diffusion, 
the use of uranium hexafluoride has two main advantages. First, the atomic 
weight of fluorine (19.0) is relatively low, so that the molecular weight of the 
diffusing gas, which is inevitably high because of the atomic weight of uranium, 
will not be too high. As will be evident shortly, the lower the molecular weight, 
the better the separation efficiency under given conditions. Second, since fluo- 
rine consists of a single species, the only isotopes separated in the diffusion 
process are those of uranium. The main disadvantages of uranium hexafluoride 
are its marked corrosive action on many metals and its ready interaction with 
moisture to form solid uranyl fluoride (UO2F»). 

8.63. The extent of separation of isotopes in any process can be expressed by 
means of the separation factor; in the present case this is defined as the ratio 
of uranium-235 to uranium-238 atoms in the enriched state to that in the residual 
state. The rate of diffusion (or effusion) of a gas is inversely proportional to 
the square root of its molecular weight, and hence it can be shown that the 
theoretical separation factor, a*, is given by 


x .  |M(heavy) 
at = a M (ight) ’ (8.63.1) 


where M(heavy) and M(light) are the molecular weights of the heavier and 
lighter isotopic diffusion species, respectively. Natural uranium consists essen- 
tially of uranium-238 and uranium-235; there is a small proportion of uranium- 
234 (§ 1.47), but this may be ignored for the present purpose. Hence, for 
uranium hexafluoride as the diffusing gas, M (heavy) is (238) + (6 X 19) = 352, 
whereas M (light) is (285) + (6 X 19) = 349. The theoretical separation factor 


is consequently 
[352 
¢ 349 i ; 


The theoretical enrichment factor, defined as a* — 1, is therefore 0.0043 for 
uranium-235 in uranium hexafluoride. 

8.64, Since the separation factor is so close to unity, the degree of enrichment 
in any diffusion stage is very small, but the effect can be multiplied by making 


464 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [8.64 


use of a “‘cascade”’ consisting of a number of stages, a few of which are indicated 
in Fig. 8.6. The feed gas, i.e., ordinary uranium hexafluoride in this case, enters 
at about the middle of the cascade. The diffusion stages above the feed are 
often referred to as the “enriching section,” 
and those below as the “stripping section.’’* 
These terms imply that the gas moving into 
the upper stages becomes enriched in uranium- 
235, whereas that moving into the lower stages 
is impoverished in (or stripped of) this 
isotope. 

8.65. Consider the stage marked B; the gas 
enters from the bottom and about half is al- 
lowed to pass through the porous barrier. The 
diffusate, which is richer in the lighter isotope, 
then flows up into stage A. Here it undergoes 
further diffusion, so that the diffusate contains 
a still higher proportion of this isotope. 
Turning attention once again to stage B, it is 
seen that the gas which has not diffused, and 
which is consequently somewhat impoverished 
in the lighter species, is pumped to stage C 
where it joins the diffusate from stage D. 
The gas then undergoes diffusion in stage C, 
the diffusate going on to stage B, while the 
residual gas returns to stage D to be recycled. 
In this way the gas moving upward through 
the cascade becomes increasingly richer in the 
lighter isotope, whereas that moving down- 
Fic. 8.6. Stages in diffusion ward contains increasing proportions of the 

cascade heavier isotope. 


ENRICHING SECTION 


STRIPPING 
SECTION 





Tue Stace SEPARATION Factor 


8.66. The theoretical treatment employed in the design of a cascade for 
gaseous diffusion is analogous to that used in connection with the separation of 
the more and less volatile constituents of a liquid mixture by fractional distilla- 
tion.t Thus each stage of the cascade may be compared with a tray of a bubble- 
plate distilling column. In the diffusion cascade the gas is separated at each 


*The terms “above” and “below,” or “up” and “down,” as used here and subsequently, 
are intended to have a purely figurative significance. The actual gas flow may be from right 
to left and vice versa. However, the use of ‘up’ and “down’”’ as directions permits a com- 
parison to be made between a cascade and a fractionation column (§ 8.66), 

+ J. Schacter and G, A, Garrett, Report AECD-1940; G. A. Garrett, Report ANCU-2537, 
p. 41; see also K, Cohen, “The Theory of Isotope Separation,” National Nuclear nergy 
Series, Div, III, Vol, 1B, McGraw-Hill Book Co,, Ine,, 1951; Nucleonios, 2, No, 6, 3 (1048), 
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stage into an upflowing fraction enriched in the lighter isotope and a downflowing 
fraction depleted in this species. Similarly, in each stage of a fractionating 
column, a mixture is separated into an upflowing vapor fraction enriched in the 
more volatile constituent and a downflowing liquid fraction containing rela- 
tively more of the less volatile substance. Just as each diffusion stage is fed 
both by the upflow of enriched gas from the next lower stage and by the down- 
flow of impoverished gas from the stage above, so each plate in a distilling column 
is fed by vapor from below and liquid from above. 

8.67. The details of the calculations used in the development of an efficient 
diffusion cascade are too complicated to be given here. However, some rela- 
tively simple concepts will be presented so as to provide an indication of the order 
of magnitude involved. For any stage, e.g., the nth, of a diffusion cascade, the 
stage separation factor, which is equivalent to the relative volatility in fractional 
distillation, is given, in accordance with the definition in § 8.63, by 


on = UeL(L = Yn) _ yall — 0), (8.67.1) 
rf (1 — Hn) an(1 — Yn) 

where y, is the (atomic) fraction of the lighter isotope in the (enriched) upflow 
and x, is the (atomic) fraction in the (depleted) downflow at the nth stage 
(Fig. 8.7). Thus, yn/(1 — yn) is the ratio 
of lighter to heavier isotope in the upflow-  PIETUSION 
ing stream, whereas z,/(1 — 2,) is that in Yor 
the downflowing stream at the nth diffusion att 
stage. Xnet 

8.68. The stage separation factor ap, as 
defined by equation (8.67.1), differs from ¥p 
the theoretical separation factor a*, as given a —>—_}— 
by equation (8.63.1), for two reasons, in Xn 
particular. As the gas stream on the high- 
pressure (under) side of the barrier flows ya 
from the entrance to the exit of a stage, ne4 —>———-++-+ 
there is a continuous depletion of the lighter Xn-4 
isotope. The result is that xz,, the fraction 
of the lighter isotope in the downflow at the 
nth stage, is less than the average value 
along the barrier at this stage. The actual 
enrichment factor is consequently larger than the theoretical value to an extent 
depending on the “cut,” i.e., the fraction of the gas entering the stage which 
actually passes through the barrier. If the cut is represented by 6, then it can 
be shown that 


Fic. 8.7. Fraction of lighter isotope 
in enriched (upflowing) and depleted 
(downflowing) streams 


1 1 
G—-l= (jin; = 5 a" — 1). 
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For practical purposes, @ may be taken as 0.5, i.e., half the gas entering the stage 
passes through the barrier, and so the cut correction, i.e., the factor in the first 
parentheses, is 2 In 2, ie., 1.38. 

8.69. Although the cut effect tends to increase the enrichment factor above 
the theoretical value, other circumstances tend to reduce it. The most im- 
portant is the fact that the gas pressure on the low-pressure side of the barrier 
is greater than zero; this introduces a resistance to diffusion which decreases the 
separation factor. In addition, as a result of the preferential diffusion of the 
lighter molecules, the concentration of this species close to the barrier on the 
high-pressure side is less than it is farther away. 

8.70. Since the influence on the separation (or enrichment) factor of the two 
phenomena just considered is opposite to that of the cut effect, it will be assumed 
for the present treatment that the various effects cancel one another. For 
purposes of illustration, therefore, the stage separation factor will be taken to 
be equal to the theoretical value, i.e., 1.0043 for the separation of the isotopes 
of uranium by gaseous diffusion of the hexafluoride. 


THEORETICAL TREATMENT OF GASEOUS-DIFFUSION CASCADE 


8.71. If L, is the total amount of gas flowing upward through the barrier 
at the nth stage in a given time, generally referred to as the interstage flow rate, 
and P is the withdrawal rate of the product at the top of the cascade, then the 
total interstage downflow rate is L, — P. Material balance considerations for 
the nth stage in the enriching section of the cascade then require that, in the 
steady state, 

Linn — (in — P)tny1 = Pxp, (8.71.1) 


where x» is the fraction of the lighter isotope in the product withdrawn at the 
top of the cascade. It can be seen, with the aid of Fig. 8.8, that the left side of 
this equation represents the net upward transport of the lighter isotope, and this 
must be equal to the rate at which this isotope is withdrawn, as indicated by the 
right side. 

8.72. According to equation (8.67.1), the stage enrichment factor, a, — 1, is 
given by 

dy = 1 we ee , ee (8.72.1) 
Xn(1 — Yn) = Xn(1 — 2a) 

the approximation of replacing 1 — y, by 1 — a, being justified by the fact that 
for the isotopes of uranium the extent of separation in any one stage is so small 
that 1 — z, and 1 — yp are not very different. Upon combining equations 
(8.71.1) and (8.72.1), it is found that 


ssi 7 3 [ as ss in tes r (elite z,) | (8.72.2) 





8.73. Because of the small change in the isotopic composition from one stage 
to the next, the stage number, n, and the concentration, x, may be treated as 
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continuous variables; the difference equation (8.72.2) may thus be replaced by a 
differential equation. Further, as will be evident shortly, the withdrawal rate P 
of the product is small in comparison with the interstage flow rate L, except at 
the top of the cascade, so that L/(L — P) is essentially equal to tinity, Upon 
making these two approximations, equation (8.72.2) becomes 

dx 

& = (a — 1a(l — 2) - ’@ ea, (8.73.1) 
for any stage in the enriching section of the cascade. 

8.74. A similar equation can be derived for the variation of the isotopic con- 

centration with the stage number in the stripping section. If W is the with- 
drawal rate of the waste at the bottom of the cascade, it is found that 


dx 
ig = (@— Del —2)- Fez, (8.74.1) 


where 2, is the fraction of the lighter isotope in the waste drawn off from the 
bottom of the stripping section (see Fig. 8.8). 


PRODUCT 





WASTE 


Fia, 8.8, Mow rates and componsitions at various abagos of caseade 
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8.75. The application of the differential equations derived above will be illus- 
trated by reference to two special cases. These are (1) total reflux and (2) the 
ideal cascade. Before discussing these special applications, however, considera- 
tion will be given to the general relationships between the product and waste 
withdrawal rate, i.e., P and W, respectively, and the feed rate, F, at which the 
process gas, e.g., uranium hexafluoride, enters the feed stage of the cascade. 
The over-all material balance of the cascade requires that 


F=P+W, 


since the rate at which the feed gas enters the system must be equal to the sum 
of the rates of product and waste withdrawal in the steady state. A similar 
balance will apply to the quantities of the lighter isotope entering and leaving 


the cascade; this leads to 
Fu; = Pry + Wrw, 


where 2; is the fraction of the lighter isotope in the feed gas, and x, and x, are, 
as before, the corresponding fractions in the product and waste, respectively. 
From these two equations the magnitude of the feed and waste rates, relative 
to the rate of product withdrawal, can be determined for any specified conditions. 
Example Calculate the feed and waste rates for a diffusion cascade, fed with natural 


uranium hexafluoride, in which the (atomic) fraction of uranium-235 in the product is 


0.90 and that in the waste is 0.002. 
For the natural uranium feed, 2; is 0.0071, and since it is postulated that zp is 0.90, 


and zy is 0.002, it follows that 
0.0071F = 0.090P + 0.002W. 
Further, since W = F — P, 
0.0071F = 0.090P + 0.002(F — P), 
so that 
F = 176P. 


The feed rate is thus 176 times the rate of product withdrawal. The rate of waste 
removal, at the bottom of the stripping section of the cascade, is 175 times the rate at 
which the product is withdrawn at the top of the enriching section. 


Torat REFLUX 

8.76. A cascade is said to operate under conditions of total reflux when there 
is no product withdrawal, i.e., when P is zero. In these circumstances equation 
(8.73.1) becomes 
dx 
ae (a — 1)x(1 — 2). (8.76.1) 
If this is integrated from zy, the concentration of the lighter isotope in the feed, 
to any arbitrary concentration «, then the number of the stage in the enrichment 
section at which this concentration is attained is seen to be given by 

oS 
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1 x — x;) 
Nain = —— (8.76.2) 


a—l 73/0 — x) 


the stage separation factor being assumed to be constant and independent of the 
stage number. The number of stages required to produce a specified enrichment 
is less at el reflux than under any other conditions. Consequently the sub- 
eli oe been added, to indicate that this is a minimum value for the 

8.77. It may be noted that equation (8.76.2) is also applicable to the strippin. 
section of a cascade with total reflux, i.e., with W equal to zero. This Seon 
1s quite general, provided the feed point is designated as the stage for which 
nee 0; stages in the enriching section then have positive values of n and those 
in the stripping section have negative n values. 

8.78. The minimum number of stages required to enrich the gas from the feed 
concentration x; to the desired concentration x» in the product is obtained b 
substituting Xp for x in equation (8.76.2). Similarly, the minimum number of 
stages in the stripping section is given by substituting x,, the prescribed con- 
centration in the waste stream, for x in this equation. 


Example Determine the minimum number of enriching, strippin: 

quired to convert a feed gas of natural uranium hens tantide int : Patty ca the 

fr action of the lighter isotope is 0.90 and a waste stream in which the fraction is 0.002 
Since the feed material is natural uranium, 2; is 0.0071, and the specified values of 

x, and 2y are 0.90 and 0.002, respectively. The stage enrichment factor will be tak 

as the theoretical value, i.e., 1.0043. Hence, from equation (8.76.2), oa 


Min. no. of enrichment stages = ao In oot 
—1  a(1 — 2p) 
ae: es (0.90) (0.9929) 
0.0043 ~~ (0.0071) (0.1) 
= 1660 
and 
Min. no. of stripping stages = jot In Gell =) 


a-l xz(1 — Lw) 
1 (0.002) (0.9929) 


™ 0.0043” (0.0071) (0.998) 
= —205. 


The minimum numbers of sta ichi i 
em 1 ges are thus 1660 for the enrich 
stripping section, making a total of 1955 stages. Tie eae tay os 


8.79. It can be readily seen from the foregoing arguments that the minimum 
total number of stages is given by the expression 


1 xl — 2 
Nin aa, + . 
i at In Ze(l = @,) (8.79.1) 
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From this equation calculations have been made of the minimum number of 
stages required to yield product streams (7p) containing 0.50, 0.90, 0.95, and 
0.99, respectively, of uranium-235 for three different values 0.005, 0.002, and 
0.001, respectively, of x, in the waste stream. The results are recorded in 
Table 8.7. The percentage recovery of uranium-235 is equal to 100(Px,/F x;) 
and this is given for each of the three values of x»; the ratio P/F (or F /P) is 
readily determined from the material balance equations in § 8.75. 


TABLE 8.7. CALCULATED MINIMUM NUMBERS OF STAGES IN 
DIFFUSION CASCADE FOR URANIUM ISOTOPE SEPARATION 


Lp tw = 0.005 ty = 0.002 tw = 0.001 
0.50 1240 1450 1610 
0.90 1750 1950 2120 
0.95 1920 2130 2290 
0.99 2300 2520 2670 
Recovery, % 30 72 86 


8.80. From’the data in the table it is evident that the production of material 
highly enriched in uranium-235 from natural uranium by gaseous diffusion of 
the hexafluoride involves a-minimum of several thousand stages. The largest 
numbers of stages are, in general, required for the higher degrees of enrichment; 
thus approximately the same number of stages is needed to increase the fraction 
of uranium-235 in the product from 0.50 to 0.90 as is necessary to raise it from 
0.90 to 0.99. In the design of a diffusion plant, the increased enrichment and 
percentage recovery resulting from an increase in the number of stages.must be 
weighed against the cost of constructing and operating the plant. 


Tuer IpgeaL CASCADE 


8.81. While the foregoing calculations give some idea of the very large number 
of stages required to produce appreciable enrichment of uranium-235, they refer 
to a hypothetical (total reflux) system from which there is essentially no with- 
drawal of product or waste. A case of more practical interest which is susceptible 
of relatively simple treatment is that of the so-called “ideal” cascade. Such a 
cascade is defined as one in which the (enriched) gas stream entering any stage 
from below has the same composition as the (depleted) gas stream entering it 
from above. In general, for the (n + 1)th stage, the condition for an ideal cas- 
cade is seen from Fig. 8.8 to be 

Yn = Un42- 


The special interest of the ideal cascade lies in the fact that, for a given value of 
the stage separation factor, such a cascade has the minimum barrier area and 
the minimum pumping power consumption for specified feed and product con- 


centrations, 
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8.82. By substituting z,42 for y, in equation (8.67.1), it follows that 


Ln+42 Xn 
= Oo 
LS Pare L i= Ln 





the value of the stage separation factor being assumed independent of the stage 
number. If the enrichment between the stages n and n + 1 is taken to be th 
same as that between n + 1 and n + 2, then ; 








tnt _ Xn 
1 — Yn41 Va; "Pe 
~[+i@-1)) (8.82.1) 


l—2, 


8.83. Since x, and rn41 are not 1 
_ greatly different, because of the low enrichm: 
. . . 
per stage, 1t can be shown from equation (8.82.1) that, to a good ssoree 


Tnt1 — In = 3(a — 1)az,(1 — a,). (8.83.1) 
Finally, assuming, as bef i i 
a g efore, that x and n are continuously variable, this can be 


dx, 
an 7 2(@— Ia(l — 2). (8.83.2) 


Upon comparing this expression with equation (8.76.1) it is seen that the enrich 
ment (or stripping) rate per stage in the ideal cascade is just half that for re fal 1 
reflux condition. Consequently the number of stages required to achi sa 
specified concentration, z, is twice the minimum value given by ie 


(8.76.2); thus, 
Nideal = 2Nmin = 2 In A Bee : 
a — 1" 3,(1 — 2) 


Simi : es 
imilarly, the total number of stages in enriching and stripping sections is ex- 


pressed by 
Nidcat = 2Nmin = 2 n= x= te), 
a= 1" 2u(1.— x5) 


lor identical conditions of product and waste concentrations, the number of 


stages in the ideal cascade i i i ini 
rea ade 1s twice the corresponding (minimum) value in 


8.84. Upon combining equation (8.83.2) fo i 
83. r th i 
equation (8.73.1), it is seen that ae 


Ma — 1a(l - 2) = 2 @, — 2), 





and hence 


2P Lp — 
Laden me ~Seet|| 
Ideal = 2 aL = @) (8.84.1) 


Irom this expression can be calculated the interstage flow rate which must be 
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maintained in an ideal cascade at any particular stage of the enriching section, 
where x is the concentration of the lighter isotope in the downflowing stream. 
The corresponding equation for the interstage flow rate in the stripping section is 


2W | B= Sw (8.84.2) 


Pie Te as ay 


It will be noted from these equations that the interstage flow rate in an ideal 
cascade varies from one stage to another. It is evidently greatest at the stage 
where the feed enters and then decreases steadily both in the enriching and 
stripping sections as the product and waste ends, respectively, are approached. 


Example Determine the interstage flow rate at the feed stage in an ideal gaseous dif- 
fusion cascade, using natural uranium hexafluoride as feed, for a product having a 
uranium-235 fraction of 0.90. 

Taking a as 1.0043, xp as 0.90, and x, which in this case is ay, as 0.0071, it follows 
from equation (8.84.1) that 

2P_ _ _0.90 — 0.0071 
0.0043 (0.0071) (0.9929) 


= 58,900P. 
The flow rate at the feed stage is thus nearly 59,000 times the rate of product withdrawal. 


Lideal = 


8.85. It is important to understand that the interstage flow rate calculated in 
the foregoing example does not represent the rate at which the feed gas enters 
the cascade. This, as may be seen from the example in § 8.75, is much less 
than the flow rate at the feed stage. The latter represents the total amount of 
gas which must flow through the barrier at the feed stage in order to achieve 
the desired enrichment. From the engineering point of view its significance lies 
in the fact that it provides a measure of the total pumping power which must be 
expended at this stage. The same is true, of course, for all the stages in the 
cascade. 

8.86. In order to indicate how the interstage flow rate (per unit product rate) 
and the concentration of uranium-235 vary with the stage number, calculations 
have been made, using equations (8.84.1) and (8.83.1), respectively, for an ideal 
cascade in which diffusion of gaseous uranium hexafluoride occurs. The com- 
position of the product is 0.80 of uranium-235, and the waste contains the 
fraction 0.00355 of this isotope, which is half the amount present in the feed gas. 
The results are shown graphically in Fig. 8.9.* The number of stages in the 
enrichment section is 2940 and that in the stripping section is 320, making a 
total of 3260 stages. The feed rate is 224 times the rate of product withdrawal, 
and the recovery is just over 50 per cent. 

8.87. The area under the interstage flow-rate curve gives the total flow rate 
for all the stages in the ideal cascade and is, consequently, a measure of the total 
pumping power for the whole cascade. An analytical expression for this total 


"Q, A, Garrett, loc, ctl, 
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flow rate can be derived by using equations (8.83.2) and (8.84.1) to write an 
equation for L dn, and then integrating over all stages from waste to product. 
The result is 





Total interstage flow rate = Soak [PV (xp) + WV (aw) — FV(2ys)], 
(8.87.1) 
where V(z) is a function defined by 
— poe x ‘ 
V(x) = (22 — 1) In (. 
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ia, 8.9. Variation of interstage flow rate and fraction of uranium-235 with stage 
number (G. A. Garrett) 


In the case to which Fig. 8.9 applies, the total interstage flow rate is found to be 
84.4 * 10°P. In the design of a gaseous diffusion plant it is desirable to mini- 
mize the total flow rate in order to decrease the power consumption. This may 
be done by adjustment of the variable parameters in equation (8.87.1) within 
the limitations set by production specifications, 
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SQUARED-OFF CASCADE 


8.88. In spite of the virtues of requiring a minimum barrier area and minimum 
pumping power, the ideal cascade is not a practical one, since the flow rate and 
dimensions of every stage are different from those of every other stage. Obvi- 
ously, a design involving several thousand different stages is not a practical 
possibility. The difficulty is overcome by using the device of what is called a 
“squared-off” cascade, as indicated by the broken lines in Fig. 8.9. It is seen 
that this is, in a sense, an approximation to the ideal cascade. 

8.89. The squared-off cascade consists of a limited number of square cascades, 
in each of which all stages are the same size and have the same interstage flow 
rate. In the case depicted in Fig. 8.9, for example, there are four square cas- 
cades in the enriching section and two in the stripping section. The stages, i.e., 
vessels and associated pumping equipment, are largest in the square cascade 
where the feed enters, since the interstage flow rate is highest here. There are 
then successive decreases in size as the product and waste ends are approached. 

8.90. The total number of stages in a squared-off cascade may be less than 
in an ideal cascade for the same product and waste concentrations. However, 
the total power requirement and the barrier area are larger in the squared-off 
cascade. Although the latter would thus be less economical in these respects, 
it is, of course, decidedly less expensive to construct than an ideal cascade in 
which every stage is different. 


Reactor FuEL Cycies 


8.91. In concluding this section dealing with uranium-235, and with reactor 
fuels in general, it is of interest to see how the various materials fit into the over- 
all pattern of reactor design (see Fig. 8.10). From the long-range standpoint, 
two general phases may be expected in the utilization of fissionable and fertile 
species in reactors for power purposes. It should be understood that existing 
reactors do not necessarily fit into the scheme outlined below. First, because 
some are designed to produce plutonium for weapons, without regard to the 
energy released. And second, because others are of an experimental character, 
whose purpose is to provide information to be utilized in the design of practical 
systems for nuclear power production. 

8.92. In the first phase, when relatively pure fissionable materials are in short 
supply, natural (or slightly enriched) uranium will be used as the reactor fuel. 
The spent fuel elements will be processed to recover the plutonium-239 present 
and the residual depleted uranium. The latter can then either be brought up 
to its former state of enrichment by the addition of uranium-235 (not shown in 
the figure) or it can be utilized as the fertile component of a breeder-type reactor 
using highly enriched or essentially pure fissionable material as fuel. These 
reactors represent the second phase of development. Originally they may be 
high-efficiency converters, utilizing uranium-235 as fuel and converting fertile 
uranium-238 and thorium-232 into fissionable plutonium-239 and uranium-233, 
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respectively. But ultimately these reactors of the second phase may be ex- 
pected to be true breeders, in which the same fissionable species is formed as is 
consumed as fuel. In the early stages the breeding aspect, i.e., the production 
of more fissionable material than is used up, will be very important, but later, 
when the proportion of available fissionable to fertile materials has been greatly 
increased, this will become of lesser significance. 
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Fia. 8.10. Reactor fuel cycles 


8.93. Because of the limitations set upon the extent of fuel consumption by 
burn-up, fission product poisons, and so on, recycling of the fuel elements through 
processing plants will be necessary from time to time. The role of such plants 
wnd the application of the materials obtained from them is shown in Fig. 8.10. 
‘These plants, as well as the gaseous-diffusion plant for the separation of the 
isotopes of uranium, are seen to be essential parts of the reactor fuel cycles.* 


7‘ w - I, Mlagg and 1, L, Zebrouki, Seientific American, 187, No, 1, 62 (1952); Report AECU- 
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RADIATION EFFECTS IN SOLIDS * 


GenerRAL Errects or NucitEAR RapDIATIONS 


8.94. The radiations in a nuclear reactor consist of alpha and beta parti- 
cles, gamma radiations, neutrons, fission fragments, and, possibly, protons. Al- 
though the fission fragments are not strictly nuclear radiations, they are not 
essentially different from alpha particles and protons, both of which are charged 
atomic particles and, except in degree, their effects are the same. 

8.95. It was noted in Chapter II that nuclear radiations are able to cause 
atoms and molecules to become ionized or electronically excited, either directly 
or indirectly. These effects may lead to chemical changes, especially if the 
radiations interact with compounds containing covalent bonds, such as organic 
materials, water, and certain salts, e.g., nitrates. This aspect of the action of 
radiations will be considered later; for the present the discussion will be restricted 
to the physical changes produced in metals or in electronic conductors generally. 

8.96. As far as the ionization and electronic excitation they produce are con- 
cerned, nuclear radiations have almost no permanent effect upon metals. The 
reason is that in a metal the electrons in the conduction band are able to accept 
very small amounts (quanta) of excitation energy, and so a considerable pro- 
portion of the energy of the radiation is lost in causing electronic excitation. 
Because of the large number of empty energy states available, the excited elec- 
trons rapidly lose their excess energy; this is taken up by the atoms of the metal 
and appears in the form of heat, i.e., as vibrational energy of the nuclei. 

8.97. Unless they are extremely energetic, beta particles and gamma-ray 
photons produce little, if any, radiation damage in electronic conductors, such 
as metals and graphite, but this is not necessarily true for heavy nuclear par- 
ticles, such as protons, neutrons, alpha particles, and fission fragments. As a 
result of elastic collisions, these particles may transfer appreciable amounts of 
energy to the nuclei of a solid. If the amount of energy transferred is sufficient 
to cause the nuclei to be displaced from their normal (or equilibrium) positions 
in the space lattice, physical changes of a more or less permanent character will 
be observed in the metal. This effect of nuclear radiation is sometimes referred 
to as “radiation damage.” 

8.98. Among the changes which are generally produced in metals by radiation 
are increase in electrical resistance, in thermal resistance, in hardness, and tensile 
strength.+ It appears that after exposure to radiations metals and alloys have 
higher yield strengths, lower percentage elongations, and somewhat higher 
ductile-brittle transition temperatures. On the whole, the effects are less marked 


* For reviews, see J. C. Slater, J. Appl. Phys., 22, 237 (1951); G. J. Dienes, Ann. Rev. Nuc. 
Sci., 2, 197 (1953); J. Appl. Phys., 24, 666 (1953); D. 8. Billington, Report AECU-2900, p. 120, 

+ D. 8. Billington and 8. Siegel, Report AECD-2810; Metal Prog., 58, 847 (1950); C. R. 
Sutton and D. O. Leeser, Chem. Eng. Prog. Symposium Series, No. 12, 50, 208 (1954); D. O. 
Leeser, Materials and Methods, 40, 110 (1964), 


a 
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on hardened metals than in the annealed condition. The effects of radiation 
are generally smaller at elevated temperatures, and, as will be seen shortly, 
there are cases in which radiation produces no changes except at very low tem- 
peratures. Another aspect of temperature is that the effects produced by radi- 
ation can generally be removed (‘‘annealed’’) by raising the temperature. 

8.99. Conflicting results concerning the effect of radiation on the creep rate 
of metals have been reported, but this situation may have arisen from the failure 
to take into account the influence of temperature. It now appears that at low 
temperatures neutron bombardment causes the creep rate to decrease below the 
normal value, but above a certain critical temperature the creep rate may in- 
crease under the influence of radiation. 

8.100. That internal changes in the crystal lattice result from the action of 
nuclear radiation has been proved by X-ray measurements on “‘ordered”’ samples 
of the gold-copper alloys AuCu; and AuCu. It is of interest to note in this 
connection that, whereas ordered specimens of AuCus exhibit a considerable 
increase in electrical resistivity upon exposure to neutrons, disordered samples 
of this alloy show no such increase. 

8.101. Attempts have been made to relate the behavior of metals under ir- 
radiation to more conventional phenomena, such as cold-working, solution- or 
alloy-hardening, and precipitation-hardening. Because the physical changes 
produced by cold-work are often similar to those resulting from exposure to 
radiation, it was thought that these two effects might be analogous. Some 
support for this view appeared to come from the fact that cold-worked metals 
exhibit little further change upon irradiation. However, various considerations, 
including differences in the X-ray patterns, indicate that the internal effects of 
cold-work and radiation are not similar. From a study of the critical shearing 
stress in single crystals of copper, it has been concluded that if an analogy does 
exist between changes caused by radiation and other phenomena it must be to 
solution- or alloy-hardening rather than to cold-working. 

8.102. There is little doubt that the effect of nuclear radiations on metals 
results from localized distortion or damage to the crystal lattice. Two models 
have been proposed to account quantitatively for the action of radiation. These 
are (1) the atomic displacement theory and (2) the thermal-spike concept. Al- 
though these points of view are not mutually exclusive, it is convenient to treat 
them separately. 


Tur Atomic DispLACEMENT T'HEORY* 


8.103. If, as the result of an elastic collision between the relatively heavy 
nuclear particle and an atomic nucleus, the energy transferred to the latter ex- 
ceeds a certain minimum value (usually assumed to be about 25 ev for a metal), 
the struck (“knocked on’’) atom may be displaced from its normal or equilibrium 


5, on — Physica Lecture Notes, 1947 (unpublished); Diseussions Faraday Soc., 
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position in the solid lattice.* If several atoms in close proximity are displaced 
in this manner, some will merely be transferred from one equilibrium position 
to another in the lattice. However, if a knocked-on atom is unable to find a 
vacant equilibrium site, its final location will be a nonequilibrium position. 
An atom of this kind is said to occupy an interstitial site and is known as an 
interstitial atom or, in brief, as an “interstitial.” For each interstitial atom 
produced by the action of radiation, there must be a corresponding vacant site 
in the lattice, possibly at some distance away. The net result is thus a more 
or less permanent defect in the solid, which, if sufficiently common, may be 
accompanied by a change in its physical properties. t 

8.104. In many cases the kinetic energy transferred to the knocked-on atom, 
generally referred to as a “knock-on,” is so large that it can, in turn, produce 
secondary knock-ons by elastic collision with other atoms in the solid. The 
secondary knock-ons which have sufficient energy may, in turn, produce tertiary 
knock-ons, etc. Since the knock-ons are frequently ionized, due to what is 
called “impact ionization,” they will lose some of their energy by causing 
ionization and electronic excitation. Consequently knock-ons beyond the third 
order can be neglected since the probability of transferring sufficient energy in 
an elastic collision to produce a further knock-on is then very small. 

8.105. By making estimates of the rate of energy loss in the various processes 
in its passage through a solid, the total number of knock-ons produced by a 
2-Mev neutron has been computed in a few cases. The results are quoted in 
Table 8.8. The number of knock-ons calculated for beryllium is seen to be 


TABLE 8.8. CALCULATED NUMBER OF 
KNOCK-ONS FOR A 2-MEV NEUTRON 


Material Number 
Beryllium 450 
Beryllium oxide 2580 
Graphite 1870 
Aluminum 6030 


considerably less than for aluminum; this is because the energy lost in causing 
electronic excitation is much larger in beryllium. The difference in behavior of 
beryllium and its oxide, as shown by the data in the table, is attributed to the 
differences in energy transfer in metals and nonmetals. It should be noted that 
the calculations give the total number of atoms displaced by a 2-Mev neutron. 
Not all of these will lead to lattice defects since many of the displaced atoms 
will undoubtedly move to vacant equilibrium positions. 


* The displacement of atoms from their positions in the crystal lattice as a result of fast- 
neutron impact was predicted by E. P. Wigner in 1942. It has consequently been called the 
“Wigner effect.” ; 

+ A lattice vacancy and an interstitial atom when considered as a unit are often called a 
“Frenkel defect,” 
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Tue THERMAL-SPIKE CONCEPT* 


8.106. A fission fragment will dissipate essentially all its energy and a fast 
neutron will lose a large proportion of its energy within a very small volume. 
This energy, no matter whether it is removed as atomic translation or vibration 
or as electronic excitation, will be rapidly converted into heat. The result will 
consequently be the formation of a small region of high temperature; this is 
the so-called ‘‘thermal spike.” It has been estimated that the spike will include 
some 5000 to 10,000 atoms and that it attains a temperature of 700 to 1200°C 
(1290 to 2190°F) for a period of about 10-” sec. At the high temperatures of 
the thermal spike, distortion of the lattice, equivalent to local fusion or even 
vaporization, is to be expected. In the very rapid cooling, resulting from the 
conduction of heat to the surroundings, a certain amount of the lattice distortion 
will be “frozen,” since there will not be sufficient time for all the atoms to be 
relocated in equilibrium positions. In addition to the lattice defects produced 
in this manner, there will inevitably be microscopic changes due to diffusion. 

8.107. Although both the atomic displacement theory and the thermal-spike 
concept have been used individually to account for the disordering effects of 
radiation on certain alloys in the ordered state, it is not impossible that they 
refer to two more or less distinct phenomena. Thus both might be operative 
simultaneously. For example, near the end of its path a nuclear particle might 
not have sufficient energy to displace an atom completely from its lattice posi- 
tion, but might, nevertheless, be capable of causing a localized region of high 
temperature. The operation of the displacement and thermal-spike mechanisms 
at the same time would make it difficult to account quantitatively for the 
observations, for one mechanism might interfere with or annihilate the effects of 
the other. 


RapiaTionN DamaGE Due To Impurity ATOMS 


8.108. Changes in the physical properties of metals due to the action of radi- 
ation may arise from a cause entirely different from those considered above, 
namely, the introduction of a new atomic species. When exposed to neutrons, 
for example, most elements undergo (n, 7) reactions. The immediate product 
of such a reaction is isotopic with the absorbing element, and so there should be 
no damage to the irradiated substance; but, if the product is radioactive, as is 
frequently the case, it will emit beta particles and be thereby converted into a 
different element. The result will be that an impurity atom is introduced into 
the original crystal lattice. If present in sufficient numbers, such impurity 
atoms will undoubtedly affect the physical properties of the material, thus lead- 
ing to a type of radiation damage. It should be realized, however, that, whereas 
only one impurity atom can result from each neutron captured, a fast neutron 
may cause the displacement of a thousand or more nuclei as a result of energy 


"I", Seita, loc, ctt.; 8. Siegel, Phys, Rev, 75, 1828 (1040); H, Brooks, unpublished, 
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transfer in elastic collisions. The changes due to (n, y) reactions will thus be 
of a lower order than the radiation effects considered earlier. 


RapIATION Errects AND HEALING IN METALS 


8.109. It is generally accepted that, when an atom in a crystal lattice acquires 
a certain amount of energy, it is able to migrate from one site to another. The 
ease with which this migration occurs will presumably be greatest when the 
atom originally occupied a nonequilibrium (interstitial) site and moves into a 
vacant equilibrium site. Since it is probable that a metal which has been ex- 
posed to radiation contains both interstitial atoms and vacant sites, there should 
be a tendency for the former to move into the latter, i.e., for recombination to 
occur. In other words, as a result of migration in the lattice, there will always 
be some spontaneous healing of radiation damage of the defect type. 

8.110. The rate of migration (or recombination) may be expected to increase 
with temperature, and hence so also should the rate of healing of radiation effects. 
The rate of healing (or annealing) may also be expected to increase with the total 
extent of the damage, since the larger the number of lattice defects the greater 
will be the probability that an interstitial atom will migrate into a vacant 
equilibrium site. 

8.111. When a solid is irradiated, the net rate of production of damage in the 
lattice is equal to the rate of formation of lattice defects minus the rate of healing 
under the given conditions. Since the rate of healing will increase with the 
total damage, it is to be expected that, if a material is irradiated continuously 
at constant radiation density, a steady state will ultimately be attained when the 
rate of production of defects is exactly equal to the rate at which they are 
spontaneously healed by recombination. In this event the radiation effects are 
said to have become ‘‘saturated” or to have “reached saturation.” 

8.112. The total lattice damage at the saturation point may be expected to 
increase with the density (or flux) of the given radiation since this will increase 
the rate of formation of defects. Increase of temperature, on the other hand, 
will decrease the extent of the changes caused by radiation because of the increase 
in the rate of atomic migration and, hence, of healing. In agreement with 
anticipation, it has been found that the effects of nuclear radiation on metals 
is greater at low than at high temperatures. For example, radiation has very 
little effect on aluminum at ordinary temperatures, but changes have been 
observed when the metal is exposed at around —150°C (—240°F). Similarly, 
many of the changes produced in metallic copper by nuclear radiation at — 170°C 
(—275°F) are reduced in magnitude when the material is maintained at room 
temperature. 

8.113. The production of lattice defects and the consequent increase in the 
rate of atomic migration lead to some other interesting effects of radiation in 
metals. If a sample of AuCu; in the disordered state is maintained at 150°C 
(300°F) for several days there is no appreciable change in electrical resistivity. 
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However, when the material at the same temperature is exposed to neutrons in 
a reactor, a decrease of resistivity, indicating formation of the ordered state, is 
apparent. in a few hours. At ordinary temperatures, the reverse change, i.e., 
from ordered to disordered state, occurs, as stated earlier. It has also been 
observed that the precipitation reaction in a copper-beryllium alloy commences 
at a lower temperature than normal under the action of neutrons. This is 
attributed to the enhancement of atomic migration in the lattice due to the effect 
of the radiation. 


RapDIATION Errects IN NucLuEAR REACTORS 


8.114. As far as the changes produced in reactor materials by radiations are 
concerned, the most important particles are fission fragments and neutrons. 
Although fission fragments have very high energies, their range is small and 
consequently such physical changes as they may cause will be confined almost 
entirely to the fuel element. These changes, in dimensions at least, may be 
very considerable, as is indicated by the photographs in Fig. 8.11; they show, 





I II Iil 


"ia. 8.11. Effect of reactor radiation on natural uranium: (I) before exposure, (II) 
limited exposure, (III) twice preceding exposure (Argonne National Laboratory) 


first, an unexposed fuel element of uranium metal, and then two similar elements 
after increasing periods in a reactor. It will be immediately apparent that 
radiation damage can act as a very serious limitation upon the time of reactor 
operation. Considerable attention has been given to this matter, and it has been 
reported that the extent of the damage can be greatly decreased by suitable 
metallurgical treatment of the uranium. 

8.115. It is generally accepted that the dimensional and other changes ob- 
served in irradiated fuel elements are largely due to fission fragments. Never- 
tholess, neutrons undoubtedly contribute to some extent to the over-all effects. 
Kecause of their lack of electrical charge, neutrons lose little, if any, of their 
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energy in producing ionization or electronic excitation. Thus essentially all 
the energy is lost in nuclear collisions, most of which, except for neutrons of high 
energy, are elastic in character (§ 2.103). Neutrons are thus capable of dis- 
placing many atoms in their passage through matter (cf. Table 8.8). The 
scattering mean free path of a neutron varies with its energy and with the scatter- 
ing material, but in most substances the average distance traveled between 
successive elastic collisions is about 5 cm. The net (vector) slowing-down 
distance of a fission neutron in a poorly absorbing material is 10 to 20 cm. It 
would appear, therefore, that the radiation damage caused by neutrons will be 
less intense than that due to fission fragments and will be spread over a much 
larger volume. 

. 8.116. Since fission fragments cannot get very far, owing to their short range, 
any changes that occur in the moderator must be attributed to the action of 
neutrons. In graphite, for example, it is known that exposure to neutrons 
affects the electrical resistance, the thermal conductivity, and the elasticity.* 
Such changes in the physical properties of the moderator can have a significant 
influence on reactor operation. One of the problems in reactor design is, there- 
fore, to minimize the damage caused by radiation, to the moderator as well as 
to the fuel elements. 

8.117. There is, of course, the possibility that neutrons may produce harmful 
effects in the structural material of the reactor. From the limited information 
at present available, it would appear that this is not a matter of great concern. 
However, the effects of extensive exposure to radiation, such as might occur in 
the continued operation of a power reactor, have not been definitely established. 
One of the main objectives in building the Materials Testing Reactor at Arco, 
Tdaho, which normally operates at the high average flux of 2 X 10 thermal 
neutrons/(cm2) (sec), was to provide facilities for the study of radiation damage. 
As more information on this subject becomes available, it may be possible to 
choose the design and operating conditions of a reactor so as to minimize the 
effects of radiation. 


Errects oF RADIATION ON NONMETALLIC MATERIALS 


8.118. In addition to graphite, which behaves in some respects like a metal, 
two groups of solid nonmetallic materials may be used in connection with a 
reactor; these are (1) plastics and (2) ceramics. The general effects of nuclear 
radiations on ceramics will be discussed in a later section dealing with these 
substances (§ 8.212), but the changes produced in plastic materials will be re- 
viewed here. 

8.119. Plastics, in the unfilled condition, are essentially pure organic com- 
pounds, and so it is to be expected that they will be badly affected by radiation, 
because of the breaking of the interatomic (covalent) bonds. This has been 


_ “H. D. Smyth, “Atomic Energy for Military Purposes,” U. 8, Government Printing Office, 
1945, § 7.24, 
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found to be true in many cases, although mineral-filled plastics, e.g., those con- 
taining asbestos, are considerably more stable. 

8.120. An extensive study has been made of the changes produced in a number 
of commercial plastics as the result of exposure in a nuclear reactor.* The 
radiation consisted mainly of thermal neutrons, although an appreciable pro- 
portion of neutrons of intermediate and high energies were also present. The 
gamma-radiation flux was about half that of the thermal neutrons. The effects 
of irradiation by an integrated thermal flux, i.e., the product of the thermal flux 
and the exposure time, of 10 neutrons/cm? on six groups of the least-affected 
plastic materials are given in Table 8.9. The changes produced in various 
plastics are also shown by the photographs in Fig. 8.12. It is seen that certain 
mineral-filled plastics and unmodified polystyrenes are the most stable. Other 
plastic materials not mentioned in the table, e.g., phenolics (unfilled and cellulose 
filled), vinyl polymers, cellulose derivatives, and melamine and urea resins, were 
also investigated, but these proved, on the whole, to be affected to a greater 
extent. f s 


TABLE 8.9. EFFECTS OF INTEGRATED THERMAL NEUTRON FLUX OF 10” NEUTRONS/CM? 
ON PLASTIC MATERIALS 


Plastic Material Effect Observed 


Mineral-filled furan and Little change except for darkening in color 
mineral-filled phenolics 
Styrene polymers Little change except for darkening in color 
Modified styrene polymers Impact strength and elongation decrease until the same as un- 
modified polystyrenes 
Aniline formaldehyde and _‘ Tensile strength decreases slightly 
polyvinyl carbazole 


Nylon and polyethylene Impact strength decreases but tensile strength increases; become 
very brittle 
Mineral-filled polyester Impact strength and tensile strength decrease about 50 per cent. 


Rapiation Errects oN NonMETALLIC Marerrats In NucteaR Reactorst 


8.121. Various nonmetallic materials, which are subject to the action of radi- 
ation, are used in some of the auxiliary components of a reactor. Mention may 
be made in particular of electrical insulators, capacitors, microswitches, and 
selsyn motors required for reactor instrumentation and control, and lubricants, 
hydraulic fluid, gaskets, and seals used in the heat-transfer system. Because of 
the instability of organic compounds, it is recommended that inorganic (ionic) 


* O. Sisman and C. D. Bopp, Report ORNL-928; see also, D. S. Billington, Report AECU- 
2900, p. 120. 

+ It has been reported that in certain cases the physical properties of a plastic material have 
been improved upon exposure to radiation due to the formation of cross linkages between the 
polymer chains. The integrated flux employed in these instances was much less than would 
be involved in reactor operation, 

{ V. P. Calkins, Chem, Eng, Prog. Symposium Series, No, 12, 50, 28 (19654), 
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compounds be used wherever possible. Examples are mica and ionic ceramic 
capacitors, ceramic-covered resistors, and ceramic-bodied microswitches. Ionic 
ceramics or, possibly, mineral-filled plastics may be used for electrical insulation 
in selsyns and other motors, and for general electrical wiring. In view of the 
results recorded in Table 8.9, polystyrenes might be used as insulating materials, 
where the radiation flux is not too high, if their other physical properties are 
suitable. 

8.122. In the heat-transfer system it would be desirable to fabricate gaskets, 
seals, couplings, etc., from metals whenever possible. In some cases ionic ce- 
ramics or other inorganic compounds could be used for certain components, 
e.g., for couplings. As lubricants, solids, such as graphite and molybdenum 
disulfide, might be applicable, since these are much more resistant to radiation 
than are the usual organic lubricants. Where a free-flowing oil is necessary, 
polyphenyl] derivatives have been found to be appreciably more stable than the 
conventional hydrocarbons. In general, when the use of an organic compound 
is inevitable, care should be taken in the design of the component or the system 
to minimize the radiation exposure. 


PRODUCTION AND PROPERTIES OF MODERATORS 


GENERAL REVIEW OF PROPERTIES 


8.123. It was seen in Chapter III that the only substances which might be 
used as moderators are ordinary water, heavy water (deuterium oxide), beryllium 
(either as metal, oxide, or carbide), and carbon (as graphite). The production 
and physical properties of these materials will be considered in turn. Since the 
characteristics of a good reflector for thermal neutrons are generally similar to 
those of a moderator, the descriptions given below may be regarded as applying 
to both moderators and reflectors. The important properties of five moderating 
materials are summarized in Table 8.10; beryllium carbide has not been included 
as its chemical reactivity with air and water seems to limit its usefulness. The 
densities of graphite and beryllium oxide vary with the method of production; 
the values given in the table are both less than the theoretical densities, but they 
may be taken to be typical of reactor materials. The abbreviations SDP and 
MR refer to slowing-down power and moderating ratio, respectively. In cal- 
culating these quantities the scattering cross sections used are those for epi- 
thermal neutrons, i.e., for neutrons having energies in excess of the thermal value, 
since they determine the rates at which the neutrons are slowed down. All 
other properties in the table refer to neutrons of thermal energy at ordinary 
temperatures, ; 


Orpinary Water AS Moppra'ror 


8.124. Ordinary water is attractive as a moderator because of its low cost, its 
excellent slowing-down power, and its small migration length for thermal neu- 
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TABLE 8.10. PROPERTIES OF MODERATORS AND THERMAL NEUTRON REFLECTORS 


a 








Heavy 
Water 
Ordinary | (99.75% | Beryllium | Beryllium 
Properties Water D0) Metal Oxide Graphite 

Atomic (or molecular) wt. 18.0 20.0 9.01 25.0 12.0 
Density, g/cm? 1.00 1.10 1.84 2.80 1.62 
N (atoms or molecules/cm’) 3.3 X 102] 3.3 X 10%] 1.2 x 10%) 6.7 X 10”) 8.1 x 10” 
o; barns (epithermal) 49 10.5 6.0 9.8 4.8 
oa barns (thermal) 0.66 0.0026 0.009 0.0092 0.0045 
Zs cem™ (epithermal) 1.64 0.35 0.74 0.66 0.39 
2. cm=! (thermal) 0.022 0.000085) 0.0011 0.00062 0.00037 
é 0.93 0.51 0.206 0.17 0.158 
=, em7! (SDP) 1.5 0.18 0.16 0.11 0.063 
£2,/Z. (MR) 70 21,000 150 180 170 
Diffusion coefficient, D cm 0.18 0.85 0.61 0.56 0.92 
Diffusion length, L cm 2.88 100 23.6 30 50 
Fermi age, 7 cm? 33 120 98 110 350 
Migration length, M cm 6.4 101 26 32 54 














trons. On the other hand, its absorption cross section for neutron capture is 


relatively high, so that a critical system can be attained with water as moderator 
only if uranium enriched in the fissionable isotope is used as fuel. However, if 
enriched material is available, the small migration length of thermal neutrons in 
water makes it possible to design a reactor of relatively small size. The fact 
that water can be used as both moderator and coolant, as it is in several reactors 
(see Table 1.10), is an added advantage, but the water must be free from im- 
purities since these not only capture neutrons but they may become radioactive 
as a result of (n, y) reactions, thus constituting a hazard in the cooling system. 
Water of a high degree of purity is also desirable in order to minimize corrosion 
and scale formation. The decomposition of water by nuclear radiations, with 
the liberation of gaseous hydrogen and oxygen, is also often facilitated by the 
presence of ionic impurities (§ 8.142). 

8.125. One of the main drawbacks to the use of water as a moderator is its 
relatively low boiling point. This means that, if it is to be utilized in high- 
temperature reactors, the pressures must be high, thus introducing fabrication 
and construction problems. For example, in the Pressurized Water Reactor 
(PWR), which is to be the first reactor designed to produce electrical power on 
commercial basis, it is planned to operate at temperatures of 260 to 320°C 
(500 to 600°F) and pressures in the vicinity of 2000 psi.* 


* “Report on the Five-Year Power Reactor Development Program Proposed by the Atomic 
Energy Commission,” U.S, Government Printing Office, 1954, p. 10, 
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Heavy Water As Moperator* 


8.126. Because of its satisfactory slowing-down power and exceptionally high 
moderating ratio (Table 8.10), heavy water is an excellent moderator and re- 
flector. Under equivalent conditions, both the resonance escape probability and 
the thermal utilization are larger than when graphite is the moderator. Con- 
sequently, as seen in Chapter III, a heterogeneous natural-uranium reactor is 
smaller and requires considerably less fuel if heavy water is the moderator rather 
than graphite. In fact, a homogeneous system of natural uranium and heavy 
water can become critical, whereas such a mixture of natural uranium and 
graphite cannot (§ 3.139). Until recently, only limited quantities of heavy 
water were available, so that its use was restricted to laboratory reactors 
(see Table 1.10). With the development of improved production facilities, the 
situation is undergoing change. Heavy water is to be used as moderator in the 
production reactors at the Savannah River plant, and it will undoubtedly be 
available for other reactors in the future. 

8.127. Pure deuterium oxide melts at 3.82°C (38.87°F) and boils at 101.42°C 
(214.56°F), the values, in each case, being a few degrees above the corresponding 
temperatures for ordinary water. High-temperature systems involving heavy 
water, like those using ordinary water, would therefore require high pressures. 
The density of heavy water is about 1.10 g/cm* at room temperature. 


PropuctTion or Heavy WatTert 


8.128. All natural waters contain about 1 part in 6500, ie., about 0.015 per 
cent, of deuterium oxide, and heavy water is obtained by concentrating this 
very small proportion to any desired degree of purity. Several methods have 
been used to concentrate the deuterium in water; three in particular have shown 
prospects of successful application on a large scale. These are the electrolytic, 
distillation, and chemical-exchange methods. In addition, there is a possibility 
that an economical process may be developed for the separation of deuterium 
by the low-temperature distillation of liquid hydrogen. 

8.129. The electrolytic method of producing heavy water depends upon the fact 
that, when an aqueous solution is electrolyzed, i.e., a current of electricity is 
passed through it, the hydrogen gas liberated at the cathode contains relatively 
more of the lighter than of the heavier isotope. The water remaining in the 
electrolytic cell is thus partially enriched in deuterium. For commercial pur- 
poses the electrolyte is usually an aqueous solution of sodium or potassium 
hydroxide or carbonate; the anodes are of nickel or nickel-plated steel, and the 
cathodes are made of nickel or steel. A steel electrolytic cell may serve as both 


*W.H. McCorkle, Nucleonics, 11, No. 5, 21 (1958). 

| For reviews, see P, J. Selak and J. Finke, Chem, Hng. Prog., 50, 221 (1954); F. T. Barr, 
Report AECD-2871; “Production of Heavy Water,’ National Nuclear Energy Series, Div. 
IIT, Vol. 4, McGraw-Hill Book Co., Inc., to be published, 1955, 
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container and cathode. By continued electrolysis it is possible to obtain heavy 
water approaching 100 per cent purity. Very large quantities of electrical 
energy are required to bring about this degree of concentration, and such a 
procedure, starting from ordinary water, is possible only where cheap electrical 
power is available. However, as will be seen below, the electrolytic method is 
of special value when the feed water has already been partially enriched in 
deuterium in other ways. 

8.130. The distillation method of separating the isotopes of hydrogen is based 
on a slight difference in the vapor pressures of light and heavy water, as indicated 
by the small difference in their boiling points. Hence, if water is distilled, the 
liquid distilling over first contains a slightly higher proportion of the lighter 
isotope; the residue will thus be somewhat richer in the heavier form. Con- 
centration of heavy water is therefore possible by fractional distillation of natural 
water. Because of the small difference in the vapor pressures, the distillation 
columns must consist of a large number of plates or equivalent stages. The 
greatest separation efficiency is obtained by distillation at reduced pressures. 
In spite of the magnitude of the equipment required, quantities of heavy water 
of high purity have been obtained by the fractional distillation of ordinary water. 
In eight stages of distillation the deuterium content of water has been increased 
from the normal value of 0.015 per cent to about 90 per cent of the hydrogen 
present. 

8.131. The chemical-exchange method makes use of small differences in the re- 
activities of isotopic molecules. Although isotopes have identical chemical 
properties, the isotopic forms of a given element or compound frequently react 
at slightly different rates. As a result the equilibrium constant of an isotopic- 


exchange reaction, which is the ratio of the specific rates of forward and reverse | 


reactions, differs from unity. This makes possible a partial separation of the 
isotopes. 

8.132. Several hydrogen-deuterium exchange reactions have been studied, and 
some used, for the production of heavy water. One of these is the reaction 
between water and hydrogen gas. When the content of deuterium is not too 
high, this isotope will be present as HD in hydrogen gas and as HDO in water, 
so that the exchange-reaction equilibrium involving the two isotopes may be 
written as 

H.O + HD = HDO + Hy, 


and the equilibrium constant is 


(HDO) (He) 


K = (f,0)(HD) 


If all the substances involved are in the vapor phase, the equilibrium constant 
ranges from about 3.4 at ordinary temperatures to 2.6 at 100°C (212°F), This 
means that if hydrogen gas, containing some HD, is allowed to come into equi- 
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librium with water (H2O) vapor, the net reaction will result in the formation 
of HDO. The HDO may be scrubbed out of the vapor phase with ordinary 
water, so that the latter is thereby enriched in deuterium. 
8.133. Because the isotopic-exchange equilibrium between water and hydrogen 
is established slowly, even at 100°C (212°F), it is necessary to use a catalyst; 
this may be finely divided platinum on a charcoal base or a combination of 
nickel with chromium sesquioxide. A mixture of water vapor and hydrogen is 
passed over the catalyst, and the HDO formed is removed by scrubbing with 
liquid water. The latter is vaporized and again passed over the catalyst to- 
gether with hydrogen gas, so that more HDO is formed, and so on. If the 
catalytic exchange reaction and equilibration of the water vapor with the 
scrubbing water are repeated many times, in a counterflow cascade system, con- 
siderable enrichment of deuterium in the water can be achieved. 

8.134. The hydrogen-water exchange method requires large volumes of hy- 
drogen gas, and so it is carried out most economically in connection with another 
process in which hydrogen is an important reactant. The manufacture of am- 
monia, by synthesis from nitrogen and hydrogen, satisfies these requirements. 
The hydrogen gas is first fed into the deuterium enrichment plant; here a 
proportion of the deuterium present is removed, in exchange for the lighter 
isotope. The residual gas then passes on to the ammonia synthesis, where the 
slight change in composition is of no significance. 

8.135. A modification of the chemical-exchange principle, called the dual- 
temperature method, was proposed several years ago. It makes use of the differ- 
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ence in the equilibrium constant of an exchange reaction at two temperatures; it 
does not require large volumes of hydrogen (or other gas) because this gas 
merely acts as a carrier for deuterium. A simple form of the dual-exchange 
process, based on the catalytic water-hydrogen exchange reaction considered 
above, may be illustrated by reference to Fig. 8.13.* 

8.136. Feed water, entering at the left, is divided into two parts; one part is 
evaporated at a fairly low temperature 7; and then passes into the reaction 
chamber I where it interacts with hydrogen gas. As a result of the isotopic- 
exchange reaction the water is enriched in deuterium, whereas the hydrogen is 
impoverished in this isotope. The other part of the feed water is evaporated at 
a higher temperature than 7; and is mixed with the depleted hydrogen gas from 
chamber I. After passage through a heat exchanger, where its temperature is 
raised to Tz, which is considerably above 7, the mixture of water vapor and 
hydrogen enters the reaction chamber II. Because the equilibrium constant of 
the water-hydrogen exchange reaction is smaller at Tz than at T; (ef. § 8.182), 
deuterium is now transferred from the water to the depleted hydrogen. After 
removal of the water by condensation, the hydrogen, with its restored deuterium 
content, returns to the low-temperature reaction chamber I where it is once more 
depleted, and so on. The unit shown in Fig. 8.13 may be regarded as one dual- 
temperature stage in a cascade, in which the water is steadily enriched in 
deuterium as it passes from one stage to the next. 

8.137. In considering the problem of concentrating heavy water from 0.015 
per cent to about 99.75 per cent, which is desirable for use in reactors, it appears 
that no one process is superior to the others over the whole range of concentra- 
tions. Most of the cost of the enrichment operation is incurred in the earliest 
stages, mainly because large plants are necessary to handle the enormous vol- 
umes of water which must be treated. As the proportion of heavy water in- 
creases, however, the volumes become much less and the situation is changed. 
One of the consequences is that electrolysis, which is generally prohibitively 
expensive for the early stages, can well be used for the later stages of enrichment. 
The most economical approach is, therefore, to use either distillation or chemical 
exchange, or both, to produce some increase in the deuterium content of ordinary 
water and then to bring the product up to the desired concentration by elec- 
trolysis. 

8.138. Brief reference may be made, in conclusion, to the possibility of sepa- 
rating deuterium from hydrogen by fractional distillation of liquid hydrogen at, 
low temperatures. In the opinion of some competent authorities, this method 
should be capable of producing heavy water at a lower cost than any of the 
processes described above. Although the boiling points of liquid hydrogen and 
liquid deuterium at atmospheric pressure differ by only 3.12°C (5.6°F), the ratio 
of their vapor pressures, at a constant temperature, is exceptionally large. Thus, 
at about 22°K (40°R), which is between the boiling points of the pure liquids, 

* 1, Cerrari, et al., Chem. Eng. Prog. Symposium Series, No, 11, 50, 271 (1954), 





8.142] NUCLEAR REACTOR MATERIALS 491 


the ratio of the vapor pressures for H2/HD is 1.6 and for H2/D: it is nearly 2.5. 
This high relative volatility means that efficient separation is possible by frac- 
tional distillation, with regard both to the number of theoretical stages required 
and to the extent of recovery of deuterium. 

8.139. The main problems associated with the process are (1) the operation of 
a large-scale plant at temperatures in the vicinity of —250°C (—420°F) at which 
the liquefaction and rectification of the hydrogen would have to be carried out; 
(2) the formation of solid deposits in the feed lines at these low temperatures diva 
to the presence of traces of impurities in the hydrogen; and (3) the danger 
associated with the handling of large quantities of liquid hydrogen. Although 
detailed designs for a plant for the separation of deuterium by the fractional 
distillation of liquid hydrogen have been prepared, there is as yet no report that 
such a plant has been constructed. 


DECOMPOSITION OF WATER BY NUCLEAR RADIATIONS * 


EXPERIMENTAL OBSERVATIONS 


8.140. Because water, either in the ordinary form or as heavy water, is used 
as moderator, solvent, or coolant in a number of reactors, the action of nuclear 
radiations is of particular interest. The discussion given below usually applies 
equally to all isotopic forms of water, i.e., HO, HDO, or D.O, or to mixtures; 
wherever reference is made to “water” or to “hydrogen” any of the isotopic fortna 
may be implied according to circumstances. 

8.141. Upon exposure of water to nuclear radiations, hydrogen and oxygen 
gases are liberated, and hydrogen peroxide can be detected in the aqueous phase. 
If the water is contained in a closed system, the gas pressure increases until a 
steady-state or equilibrium value is attained. The magnitude of this steady- 
state pressure depends on the nature of the radiation, its density (or flux), the 
temperature, and the presence of various dissolved substances in the water. In 
general, the steady-state gas pressure increases with the radiation flux but de- 
creases with increasing temperature. Many dissolved impurities also bring 
about an increase in the steady-state pressure. The concentration of hydrogen 
peroxide in the solution is decreased by raising the temperature and by the 
presence of impurities. 

8.142. It may be noted that slow neutrons probably do not cause direct de- 
composition of water. However, as a result of radiative capture by (ordinary) 
hydrogen atoms, gamma rays of 2.21 Mev energy are produced, and these are 
capable of decomposing the water.t The effect of fast neutrons is probably to 


*W. J. Toulis, Report UCRL-583; A. O. Allen, Re ; 
; A. O. port AECU-1413; J. Phys. Chem., 56 
575 (1952); Chem. Eng. Prog. Symposium Series, No, 12, 80, 238 (1954); adel, 
J, Phys, Chem,, 86, 587 (1952). Be per se Hochanniel 
| This secondary decomposition of water due to slow neutrons would be much less marked 
in hoavy water because of the low neutron capture crows section of deuterium, 
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be attributed to the high-energy recoil protons produced by the collision of the 
neutrons with hydrogen nuclei. 


INTERPRETATION OF EXPERIMENTAL DATA 


8.143. In seeking to interpret the foregoing results, it may be postulated, in 
the first place, that ionizing radiation causes the decomposition of water into 
hydrogen atoms and free hydroxyl radicals; thus, 


H.O WWv> H + OH. 
This decomposition probably does not occur directly, but the intermediate stages 


are of no significance here and so will be omitted from consideration. Subse- 
quently the H and OH may either recombine to form water, i.e., 


H + OH = HO, 
in which case there is no net decomposition, or they may combine in pairs, i.e., 
H+H = Hz 


and 
OH + OH = H.20z, 


to yield the observed products, hydrogen and hydrogen peroxide, respectively. 
If the specific ionization of the radiation is low, as it is with gamma rays, the H 
and OH formed by the decomposition of a single water molecule will be much 
closer together than the H and H (or OH and OH) from two different water 
molecules. Consequently the tendency for recombination to occur will be 
greater than for radiation having a high specific ionization. 

8.144. Since hydrogen peroxide is not very stable, it will decompose to some 
extent according to the reaction 


H.O2 = HO + $02, 


so that oxygen gas is liberated. It should be noted that, as long as some hy- 
drogen peroxide remains undecomposed, the ratio of hydrogen to oxygen gases 
formed will be more than 2 to 1, the atomic ratio in water. As the temperature 
is raised, the decomposition of hydrogen peroxide will be favored, and more 
oxygen will be liberated. This expectation is in accord with experiments which 
show that at high temperatures, e.g., 250°C (480°F), the irradiated aqueous 
systems contain little or no hydrogen peroxide and that hydrogen and oxygen are 
present in the evolved gas in a proportion close to 2 to 1. Impurities which 
catalyze the decomposition of hydrogen peroxide have the same general effect. 

8.145. In view of the occurrence of a steady-state gas pressure in a closed 
system, it is apparent that there must occur a reverse reaction which tends to 
remove molecular hydrogen. It has been suggested that this takes place through 
a chain mechanism, the first stage of which is the interaction between hydrogen 
atoms and molecules of hydrogen peroxide, i.e., 
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H + H.02 = H.O + OH. 


This is followed by reaction between the hydroxyl radicals and molecular hy- 
drogen, i.e., 


OH + H: = H.0 + H, 


so that hydrogen atoms are regenerated and can carry on the chain. The net 
result, obtained by adding the two equations, is 


He + H202 = 2H.0, 


which means that the molecular hydrogen is removed. 

8.146. The actual pressure attained at the steady state will represent a bal- 
ance between the rate of gas formation by the action of radiation and its removal 
by the chain reaction involving hydrogen atoms and hydroxyl radicals. Increase 
in the radiation density will obviously be expected to increase the steady-state 
pressure. On the other hand, impurities present in solution may react with 
hydrogen atoms and hydroxyl radicals and may destroy them. As a result the 
reverse (chain) reaction, i.e., removal of molecular hydrogen, is inhibited, and 
the steady-state pressure will be increased. 

8.147. The explanation of the effect of increased temperature in decreasing 
the steady-state gas pressure is based on the supposition that hydrogen peroxide 
in addition to taking part in the chain reaction which removes molecular fy 
drogen, is also involved in a chain reaction which destroys hydrogen atoms and 
hydroxyl radicals, namely, 


H2,02 + OH = HO, + H.0 
HO: + H = H.0,, 
the net effect being 
H + OH ad H,0. 


Since increase of temperature results in the decomposition of hydrogen peroxide 
the destruction of hydrogen atoms and hydroxyl radicals is reduced. If itis 
particular chain is inhibited to a greater extent than the one considered in 
§ 8.145, leading to the removal of molecular hydrogen, the over-all effect will be 
a decrease in the steady-state gas pressure. 


HyprogEn-Oxycren Gas RECOMBINATION 


8.148. It is inevitable that in any reactor using either ordinary or heavy water 
as moderator, reflector, or coolant there should be some decomposition into 
hydrogen (or deuterium) and oxygen due to the action of various radiations 
Provision must, therefore, be made for the removal or recombination of the 
gases in this explosive mixture. The problem is aggravated in homogeneous 
reactors, consisting of a uranium salt dissolved in water, because the fission 
products are formed within the solution. Since these products have high ener- 
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gies, they cause considerable decomposition of the water. From published in- 
formation relating to the Los Alamos Water Boiler* and the HRE at Oak 
Ridget it appears that, in spite of the different characteristics of these anne 
in each case the hydrogen-oxygen mixture is liberated at the rate of about 1 ft 
(measured at normal temperature and pressure) per min per 100 kw of reactor 
power. ihe ee 
8.149. In order to dispose of the gases formed by the radiation decomposition 
of water in these reactors, recombining systems are used. In the Los Alamos 
and Raleigh (North Carolina State College) Water Boilers a catalytic method 
for combining hydrogen and oxygen is employed. The gases liberated during 
reactor operation are first passed through a condenser and an entrainment filter, 
in which most of the moisture is removed, and then on to a catalyst chamber. 
The catalyst consists of small alumina pellets coated with finely divided plati- 
num. Combination of the hydrogen and oxygen occurs and the heat released 
in the reaction raises the temperature sufficiently to convert the water formed 
into steam. The steam is condensed and the resulting water is returned to the 
reactor. , 
8.150. When the HRE operates at high power the hydrogen-oxygen gas mix- 
ture from the reactor, after removal of moisture, enters a flame recombiner. 
This is a device similar to a large Bunsen-type burner in which the hydrogen 
actually burns as a flame while combining with oxygen. The exit gases from 
the flame recombiner may still contain small amounts of hydrogen and oxygen, 
and these are removed by means of a platinum-alumina catalyst similar to that 
described above. The steam formed in both recombiners is condensed and the 
water is returned to the reactor. When operating at low powers the use of 
the flame recombiner is not necessary and the reactor gases pass directly to 
lyst chamber. 
EL. Tt is of aan to note that, on the basis of the data given in § 8.148, 
concerning the rate of evolution of the hydrogen-oxygen gas mixture, It can be 
calculated that about 4 per cent of the reactor energy appears as heat in the 
recombining system. If a homogeneous reactor were designed for industrial 
power production, provision would, of course, be made for the use of this heat. 
_ i onics, 11, No. 9, 25 (19538). 
‘a. Fel 3 ie. Chem. Eng. Prog., 50, 256 (1954). i 
+ The reactor gases contain small amounts of highly radioactive xenon and krypton w : . 
are unaffected by the recombining systems. These substances are either adsorbed on activate 1 
carbon and buried, or, if in sufficiently small amounts, they are mixed with large volumes a 
air and discharged to the atmosphere through a stack after a suitable delay time (cf. H. M, 
Busey, Nucleonics, 12, No. 5, 9 (1954)). 
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BERYLLIUM AS MODERATOR AND REFLECTOR * 


GENERAL PROPERTIES 


8.152. Although the nuclear properties of beryllium are such as to make it a 
valuable material for use as moderator or reflector in a thermal reactor, with the 
added advantage of being a good thermal conductor, it has hitherto been used 
only to a limited extent. In the MTR, metallic beryllium is employed in the 
reflector, and the plans for the Submarine Intermediate Reactor (SIR) call for 
this element to serve as moderator. The use of beryllium or its oxide or carbide 
has also been proposed for other reactors that are now either in the experimental 
or in the design stage. 

8.153. The reflector of the original (LOPO) form of the Water Boiler con- 
sisted mainly of beryllium oxide, but this was later replaced with graphite. 
The chief reason was that the photoneutrons, which continued to be formed by 
the (7, ) reaction with beryllium after the reactor was shut down, affected the 
start-up routine. In general, however, photoneutrons, which are also produced 
from heavy water, might be regarded as an advantage, since they would repre- 
sent an appreciable and detectable source, provided the reactor has not been 
shut down too long (see § 6.164). 

8.154. Hitherto, beryllium of sufficient purity for reactor use has been ex- 
pensive; in addition, it was reported to be brittle, difficult to fabricate, and very 
susceptible to corrosion in water, especially at high temperatures. With the 
development of new techniques in powder metallurgy and the availability of 
purer materials, metal of greatly improved properties with regard to fabrication, 
mechanical characteristics, and corrosion resistance has been prepared. Progress 
has also been made in the production and fabrication of the oxide and carbide. 
It is possible, therefore, that beryllium may play an increasingly significant role 
in reactor design. Mention may be made here of the fact that beryllium and its 
compounds are a potential health hazard. Special precautions must be taken 
to avoid inhalation or ingestion of beryllium in any form. 


PRODUCTION OF BERYLLIUM 


8.155, Although several beryllium minerals are known, the only commercial 
source of the element at the present time is beryl, 3BeO-Al.O3-68i0>. The 
theoretical beryllium content is 5.0 per cent, but ores containing 3 per cent or 
more of the element (8 to 14 per cent of BeO) are acceptable raw materials. 
Most of the beryl now being used in the United States originates in Brazil, 
Argentina, and India, but increasing quantities of the ore are coming from other 


* For reviews, see M. C. Udy, H. L. Shaw, and F. W. Boulger, Nucleonics, 11, No. 5, 52 
(1958); TH, A. Saller, Proc. Conf. on Nuc. Eng., Berkeley, 1953, p. 11; W. A. Johnson, Chem. 
Hing. News, 32, 1882 (1954); 2. J. Boyle and J. L. Gregg, Chem, Lng. Prog. Symposium Series, 
No, 11, 50, 58 (1954); D. W. White, Jr., and J. EB. Burke (Iids.), “The Metal Beryllium,”’ 
American Society for Metals, 1955; CG, A. Hampel (Id,), “Rare Metals Handbook,” Reinhold 
Publishing Corp., 1954, Chapter 8 (by B, R. F, Kjellgren), 
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sources. Substantial amounts of domestic beryl are also available, mainly as a 
by-product of some other operation, such as feldspar mining. If the high-grade 
ores now being worked become exhausted, it is believed that all reasonable 
requirements can be met by ores of lower grade. 

8.156. In outline the method for producing metallic beryllium from beryl, of 
which a simplified flow sheet is given in Fig. 8.14, is somewhat as follows: The 
ore is first heat-treated and ground to render it attackable by sulfuric acid. 
The latter converts the beryllium and aluminum, as well as the iron and alkali 
metals present as impurities, into soluble sulfates, leaving a residue of silica. 
Ammonium hydroxide is added to form ammonium sulfate with the excess 
sulfuric acid, and the bulk of the aluminum is crystallized out as ammonium 


Beryl ore, heat-treated and ground 
Extract with H,So, 


Silica residue (to waste) 


1 


Soln. of Be, Al, Fe sulfates 
Add NH,OH 


Ammonium alum 
crystallized out 


; 


Soln. of Be, Fe sulfates 
Add Versene T and NaOH 
Boil and filter 


Filtrate (Fe, etc., to waste) 


Precipitate of Be(OH), 
Dissolve in NH,HF, 


Soln. of (NH,),BeF, 
Evaporate, crystallize, and centrifuge 


Mother liquor (to re-use) 


] 


Solid (NH,),BeF, 
Heat to 800°C 


NH, + HF 


BeF, 
Heat with Mg at 800°C; 
then to 1300°C 


Slag (MgF,) 


Be “pebbles” 
Fia, 8.14, Simplified flow sheet for extraction of beryllium from beryl 
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aluminum sulfate (ammonium alum). The residual solution is treated with the 
sodium salt of ethylenediamine tetraacetic acid (Versene T) which “sequesters’’ 
the iron as a complex molecule, thus keeping it in solution, when excess of sodium 
hydroxide is added to convert the beryllium into soluble sodium beryllate, 
NazBeO,. Upon boiling, the latter decomposes and precipitates beryllium hy- 
droxide, but the iron remains in solution. 

8.157. The precipitate of beryllium hydroxide is dissolved in aqueous am- 
monium acid fluoride (NH,HF;), forming a solution of ammonium beryllium 
fluoride, (NH,)2BeFs. This solution is evaporated, and the double salt which 
crystallizes out is separated by centrifuging. The solid is decomposed by heat- 
ing to 800°C (1470°F), leaving a residue of beryllium fluoride. It is at this stage 
that most of the boron present as impurity is removed, presumably as the 
volatile boron trifluoride. The product contains less than 1 ppm of boron. The 
reduction of beryllium fluoride to the metal is carried out by means of magnesium 
at 800°C (1470°F) in graphite crucibles. The beryllium is first formed as a 
finely divided powder, but upon heating to 1300°C (2370°F) the particles coa- 
lesce into pockets of liquid. After cooling and removal of the slag, the beryllium 
is obtained in the so-called “pebble” form. 

8.158. The pebbles, which contain from 96 to 99 per cent of beryllium, are 
cleaned from slag, melted in a vacuum furnace in beryllium oxide crucibles, 
and cast into ingots. This process reduces the magnesium content of the ma- 
terial and also removes slag particles that may have been occluded in the pebbles. 
The beryllium content of the vacuum-cast ingots is over 99 per cent, but a small 
proportion of the oxide is almost invariably present. 

8.159. If beryllium oxide is required, the beryllium hydroxide is dissolved in 
sulfuric acid. Beryllium sulfate is crystallized from the solution and is heated 
strongly to produce beryllium oxide in a fluffy form. 

8.160. For the production of beryllium carbide, beryllium powder is mixed 
with the required proportion of pure graphite and allowed to react in a hot- 
pressing or sintering furnace. The reaction temperature depends on the particle 
size, but is usually about 900 to 1000°C (1650 to 1830°F). The formation of 
beryllium carbide takes place readily under mechanical pressure. 


PuysicaL AND MrEcHanicaL Properties or BERYLLIUM 


8.161. Beryllium is a steel-gray metal with a melting point of 1280°C (2340°F). 
‘The mechanical properties of beryllium can be changed considerably by working 
and by metallurgical treatment, but, in general, it is more brittle than other 
metals of high purity. _ Only one crystalline form, with a hexagonal close-packed 
structure, has been observed between ordinary temperatures and the melting 
point. ‘The lattice constants are aj = 2.281 A and cy = 3.577 A, and the theo- 
retical density is 1.848 g/cm at 25°C (78°F). The observed densities of differ- 
ont specimens of beryllium range from 1.81 to 1,86 g/em!, the higher values being 
dlue to the presence of beryllium oxide, theoretical density 3.0 g/em*. Because 
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of the hexagonal close-packed structure, many of the physical and mechanical 
properties of the metal are anisotropic in nature. However, material made by 
hot-pressing beryllium powder is isotropic, presumably because of the random 
orientation of the small grains. At ordinary temperature the coefficient of 
thermal expansion is about 12 X 10 per °C. The thermal conductivity is 
0.35 cal/(sec) (em?)(°C/em) at 25°C (78°F), decreasing to 0.23 at 600°C (1110°F). 
The electrical resistivity is approximately 4 X 10~* ohm-cm at room tempera- 
tures. 

8.162. The mechanical properties of specimens of beryllium metal vary with 
the methods of fabrication and treatment. Since hot-pressing of the powder 
has proved a very successful fabrication procedure, as will be seen below, the 
properties recorded in Table 8.11 refer to material obtained by hot-pressing in 


TABLE 8.11. MECHANICAL PROPERTIES OF 
HOT-PRESSED BERYLLIUM 


Ultimate tensile strength, psi...............- 45 X 10 
Yield strength (0.2% offset), psi..........--- 32 X 10° 
Elongation in 2 in., %..........0 2.0 eee eee 2.3 
Modulus of elasticity, psi.............--+55- 44 X 10° 
Poisson’s ratio. ..... 6... ee eee 0.024 
Unnotched Charpy impact, ft-lb............. 0.8 
Brinell number............... 0000 e eee ee eee 120-150 


vacuum at a temperature of about 1000°C (1830°F).* The small elongation at 
tensile fracture and the low impact resistance even for unnotched bars indicate 
that the ductility of the material is relatively low. The ductility of cast beryl- 
lium is, in general, even lower. By warm-extruding the hot-pressed metal and 
then annealing at about 700°C (1290°F), the mechanical properties, especially 
in the direction of extrusion, are greatly improved. The brittle nature of 
beryllium has been partly attributed to the presence of impurities, but this is 
not certain. Metal of a very high degree of purity is now becoming available, 
and measurements made upon it may throw some light on the problem. 


FABRICATION OF BERYLLIUM 


8.163. Castings of beryllium have been made by melting the metal in a beryl- 
lium oxide crucible and pouring into graphite molds, but cracks may develop 
during or immediately after solidification unless the rate of cooling is carefully 
controlled. The cast material does not fabricate easily; because of the large 
grain size it is difficult to machine without causing surface damage, and cracking 
may occur below the surface. Although cold-working is not practical, cast 
beryllium can be hot-worked to some extent by forging and rolling, provided it 
is encased in a more malleable metal such as steel. Cast billets can also be 

* W. W. Beaver and K. G, Wikle, J, Metals, 6, 559 (1954), 
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extruded at high temperatures with the use of a steel jacket. Pieces of beryllium 
can be joined by welding or brazing, but the technique is complicated by the 
tendency for beryllium to oxidize in air. 

8.164. The development of powder-metallurgical processes has represented an 
important advance in the fabrication of beryllium.* It has been reported that 
most billets for further fabrication are now produced by hot-pressing of the 
powder in vacuum. The ingots of vacuum-cast beryllium are first chipped and 
then reduced to fine powder in an attritioning mill in the absence of air. The 
powder is then compacted into the desired shape under vacuum at temperatures 
in the vicinity of 1000°C (1830°F) and pressures of about 500 psi. Pressings 
with good mechanical properties (see Table 8.11), weighing up to several hundred 
pounds, have been produced in this manner. The hot-pressed material can be 
machined fairly easily and long holes of small diameter can be drilled in it. 

8.165. Although the hot-pressed beryllium is frequently used without any 
further treatment, other than machining to size, it can be hot-extruded at 800 
to 1100°C (1470 to 2010°F) or warm-extruded at between 300 to 500°C (570 to 
930°F). As stated earlier, the resulting products exhibit an increase of ductility 
in the direction of extrusion. 


CoRROSION OF BERYLLIUM 


8.166. It was thought at one time that beryllium metal had poor corrosion 
resistance in water, but the effects observed were probably due to the presence of 
localized impurities. By proper treatment, specimens of beryllium can be ob- 
tained which withstand the action of deaerated distilled water at 250°C (480°F) 
for many days. In the presence of oxygen (or air) the corrosion is increased. 

8.167. Fresh surfaces of beryllium metal soon tarnish upon exposure to air, 
indicating the formation of a thin oxide film. This film, however, retards 
further oxidation. Consequently, in massive form, beryllium does not suffer 
serious attack in air below 600°C (1110°F), although the powdered metal is 
oxidized at lower temperatures. Above 600°C (1110°F) the oxide is first formed, 
and then the nitride (Be;N2) at about 1000°C (1830°F). The use of beryllium 
at temperatures in excess of 600°C (1110°F) in the presence of air is thus not 
recommended. It is of interest to mention that at high temperatures beryllium 
is much less readily attacked by oxygen than is titanium or zirconium. 

8.168. No appreciable change was observed after exposure of beryllium to 
liquid bismuth, lead, or tin at 700°C (1290°F) for 24 hr. Liquid gallium, which 
had first been saturated with beryllium (about 1 per cent), showed little attack 
at 500°C (980°F). At 600°C (1110°F) and above, there was evidence of grain- 
boundary type of erosion. 

* Seo A, U, Seybolt; Report AECU-1029; H, H. Hausner and N, P. Pinto, Trans, Am. Soc. 


Metals, 43, 1092 (1951); N. P. Pinto, J. Metals, 6, 629 (1954); H. H. Hausner and H. B. 
Michaolaon, Chem, Lng. Prog. Symposium Series, No, 11, $0, 11 (10954), 
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GRAPHITE AS MODERATOR AND REFLECTOR * 


PRopUCTION OF GRAPHITE 


8.169. Graphite has probably been used more extensively than any other 
moderator or reflector in existing reactors. Its nuclear properties are not quite 
as good as those of heavy water or beryllium, but graphite of satisfactory purity 
is readily available at reasonable cost. It has good mechanical properties and 
thermal stability. However, at high temperatures it reacts with oxygen (in air) 
and with water vapor, and with some metals and metal oxides it forms carbides. 
Although it is a nonmetal, graphite is a good conductor of heat, a desirable 
property for a moderator. Its chief drawbacks under normal operating con- 
ditions are the possibility of oxidation in the presence of air, relatively low impact 
strength, and the porous nature of the material used in reactors. As stated 
earlier, it is also affected by nuclear radiations. 

8.170. Graphite occurs in considerable quantities in nature, but, since in this 
state it is relatively impure, the reactor-grade product is made artificially by 
“oraphitization” of petroleum coke. The coke is first heated to drive off volatile 
matter and is then ground and mixed with a coal-tar pitch binder at a temper- 
ature suitable for fluidizing the latter. ‘The mixture is extruded into bars and 
baked, in gas-fired ovens, to temperatures up to 1500°C (2730°F), in order to 
carbonize the pitch and set the binder. To increase the bulk density of the 
product, it is impregnated with pitch under vacuum and again baked. The 
resultant gas-baked carbon is finally graphitized by electrical-resistance heating. 
The temperature is raised to about 2700 to 3000°C (4860 to 5430°F) during the 
first few days and then about three or four weeks are allowed for the material to 
cool. The physical characteristics of the final product vary to some extent with 


the fineness of the ground coke, the type and amount of pitch used for impreg- ~ 


nation, and the temperature and duration of the graphitization treatment. 


PuysicaL AND MECHANICAL PROPERTIES OF GRAPHITET 


8.171. Graphite is a black, moderately soft, allotropic form of carbon; it is the 
stable phase at all reasonable temperatures. It does not melt upon heating at 
atmospheric pressure but sublimes at about 3650°C (6600°F). The crystals have 
hexagonal symmetry and consist of flat layers or planes of carbon atoms, stacked 
parallel to one another.{ The planes are relatively far apart, namely, 3.41 A, so 
that shear occurs easily by a slipping motion of the planes relative to each other, 
This type of shear, perpendicular to the hexagonal axis, accounts for the softness 


*§.G. Bauer, Research, 5, 515 (1952); L. D. Loch and J. A. Slyh, Chem. Eng. Prog. Sympo- 
sium Series, No. 11, 50, 39 (1954). 

+ L. D. Loch and J. A. Slyh, loc. cit.; C. Malmstrom, R. Keen, and L. Green, J. Appl. Phys, 
22, 593 (1951); J. P. Howe, J. Am. Ceram, Soc., 11, 275 (1952). , 

t Because of small discrepancies in the bond angles, graphite is sometimes regarded as ortho- 
rhombic; however, the departure from hexagonal symmetry is very slight, 
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and lubricating properties of flake graphite. As is to be expected, the thermal 
electrical, and mechanical properties of graphite crystals are anisotropic, arid 
this behavior is exhibited to some extent by the polycrystalline material because 
of preferred orientation of the individual crystallites. 

8.172. The physical and mechanical properties of graphite vary widely among 
different products. The theoretical density, calculated from the lattice con- 
stants, is 2.27 g/cm’, and this value is approached by natural graphite. How- 
ever, the material manufactured for reactors has a density of 1.6 to 1.7 g/cm; 
this low density is due to the porosity of the artificial product.* 

8.173. The values of a few important properties of graphite at ordinary tem- 
peratures are recorded in Table 8.12. Because of the considerable variations 


TABLE 8.12. APPROXIMATE VALUES OF PROPERTIES OF GRAPHITE 


Coefficient of thermal expansion, per °C....... 2 X 10-* (long.) 
3 X 10- (trans.) 

Thermal conductivity, cal/(sec)(em?)(°C/em).. 0.4 

Tensile strength, psi..................00000- 3000 

Compressive strength, psi................00- 3500 

Modulus of elasticity, psi................00.. 1.2 x 108 


that have been observed among different samples, the data are to be regarded as 
approximate only; their purpose is merely to provide a rough qualitative indica- 
tion of some of the physical and mechanical properties of graphite at normal 
temperatures. As indicated above, the values may vary with direction. The 
tensile strength of graphite increases with temperature, attaining a maximum 
at about 2500°C (4530°F), when the value is roughly twice that at ordinary 
temperatures. The creep rate is very small below 1500°C (2730°F), but may 
become appreciable at higher temperatures. Graphite has excellent resistance 
to thermal shock, and it is difficult to produce fracture by thermal stress alone. 


REACTOR STRUCTURAL MATERIALS t 


GENERAL CHARACTERISTICS 


8.174. Every reactor system must inevitably include a certain amount of 
structural material which serves as a mechanical framework for the reactor 
components. In addition, various types of containers are required for solid or 
liquid fuels, for coolants, for control rods, and for measuring instruments. Be- 
cause uranium is readily attacked by air, water, and other fluids which might be 
used as coolants, it is necessary that fuel elements be protected with suitable 
ladding. Such cladding is necessary, in any event, to prevent escape of fission 
products from the fuel element. 


. Reactor-grade graphite with a density ~2 g/cm has been reported from West Germany. 
: | Mor reviews seo J, 1, Burke, Report ABCU-2821; W, V, Koshuba and V, P. Calkins, Metal 
Prog, 62, No, 1, 67 (1962); G. 3, Evans, Nucleonios, 11, No, 6, 18 (1953), 
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8.175. The requirements of a structural material will vary to some extent with 
the type of reactor and with its specific purpose in the reactor. There are, 
however, some general characteristics which may be enumerated. Mechanical 
properties, such as tensile strength, impact strength, and rupture stress, must be 
adequate for the operating conditions. The material must be capable of being 
fabricated or joined into the required shapes. Thermal conductivity should 
usually be high and the coefficient of thermal expansion low or well matched with 
that of other materials. 

8.176. In many reactor components there is very considerable internal heating, 
due either to fission, to the slowing down of fast neutrons, or to the absorption 
of various radiations. The removal of the heat from the exterior results in high 
temperature gradients within the material. Such materials must, therefore, be 
able to maintain stability under severe thermal stress. 

8.177. Corrosion and erosion problems in a reactor are often unusually serious. 
Corrosion may arise from the galvanic action between two different metals or a 
metal and a nonmetallic conductor, e.g., graphite, when in contact in an aqueous 
medium or a fused salt. Even in a single metal, stresses, strains, and other 
defects, produced during fabrication, or the presence of oxide or other inclusions 
can facilitate corrosion. When there are temperature differences in a circulating 
system, e.g., of liquid-metal coolant, especially at high temperatures, corrosion 
of the mass-transfer type may occur. Metal is then dissolved by the circulating 
liquid in regions where the temperature is high and is deposited in the cooler 
parts of the system.* 

8.178. In addition to the physical and mechanical properties referred to above, 
the nuclear properties must be satisfactory. If the material is to be used in or 
near the core or reflector of the reactor, it must obviously have a small cross 
section for neutron absorption. It should be noted in this connection that a 
material that cannot be used in a thermal reactor because of a large cross section 
may perhaps be employed in a fast reactor since the cross section for the absorp- 
tion of fast neutrons may then be tolerable. 

8.179. Asa result of neutron capture, many materials become radioactive and 
consequently are dangerous to handle. Thus the maintenance or repair of equi 
ment exposed to the neutron flux of a reactor may present a difficult problem. 
In the choice of materials, preference should be given, if possible, to substances 
which either do not become radioactive as a result of neutron capture or for 
which the induced activity is weak, with no gamma radiation, or of short half 
life. In this connection, the data in Table 8.13 will be of some value. First 
there are listed the elements which might have some interest for structural 
purposes or which might be present as alloying elements or as impurities. 
each case the mass number is given of the isotope (or isotopes) which yields 


* Experience with mercury has shown that mass transfer in the flowing liquid (due to 
temperature gradient) can be controlled by the addition of small amounts of other metals which 
act as inhibitors, 


8.181] NUCLEAR REACTOR MATERIALS 503 


TABLE 8.13. INDUCED ACTIVITIES IN METALS PRESENT IN STRUCTURAL MATERIALS 











Natural y-Ray 
Isotope | Abundance Active Half Energy 
Element Mass No. | (per cent) | oa (barns) Species Life (Mev) 
Titanium 50 5.3 0.04 Tilt 72d 1.0 
Chromium 50 4.4 16 Crit 27d 0.32 
Manganese 55 100 13.3 Mn 2.6h 2.1 
Tron 58 0.33 0.8 Fe® 46d 13 
Cobalt 59 100 37 Co” 5.3y 13 
Nickel 64 1.9 3.0 Nis 2.5h 0.93 
Copper 63 69 4.3 Cu 12.8h 1 (35 
Zinc 64 48.9 0.5 Zn® 250d 1.12 
7 . 68 18.5 0.1 Zn 13.8h 0.4 
Zirconium 94 17.4 0.1 Zr 65d 0.92 
Molybdenum 98 23.8 0.13 Mo” 67h 0.84 
Tantalum 181 100 21.3 Tais2 113d 1.2 
Tungsten 186 28.4 34 wis7 24h 0.76 




















radioactive Species as a result of neutron absorption, its abundance in the element 
as it occurs in nature, and its thermal absorption cross section. The next column 
gives the identity of the active species, and this is followed by its half life and 
the energy of the most penetrating (highest energy) gamma rays. It should be 
emphasized that the information in the table refers only to radioactive isotopes 
of appreciable half life (>1 hr) emitting gamma radiations of moderate or high 
energy (>0.3 Mey), in addition to beta particles. There are other species which 
are beta-active only, but these do not usually present a serious maintenance 
problem, provided the bremsstrahlung are avoided. 

8.180. The elements which may be regarded as making the major contribution 
to persistent induced activity are chromium, manganese, cobalt, copper, zinc 
tantalum, and tungsten. It will be seen shortly that none of these is Hikely iG 
be used as a thermal reactor constituent in a moderately pure form. However 
these metals may well be present as impurities or as alloying elements in Sikes 
wise acceptable structural materials, and consideration should be given to the 
activity that will result from exposure to neutrons. 


Cuoicg or SrructuRAL MATERIALS 


8.181. The crucial requirement for a material to be used in a thermal reactor 
is that it shall have a reasonably low absorption cross section for neutrons. If 
the cross section is large, the material must be rejected no matter what me- 
chanical or other advantages it may possess. If there are compensating factors 
an element with a moderate cross section may be tolerated, but its presence will 
require the use of additional fissionable material in the reactor core. In a 
thermal-neutron breeder reactor, where every neutron is significant, parasitic 
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capture would have to be avoided if at all possible. Since the capture cross 
sections of nearly all elements are small for neutrons of high energy, the choice 
of materials for fast-neutron reactors is much less restricted. 

8.182. In order to obtain an over-all picture of the possibilities with regard 
to materials for thermal reactors, metallic elements can be divided into three 
classes: (1) elements with low capture cross sections for thermal neutrons, i.e., 
below 1 barn; (2) elements with cross sections of intermediate value, i.e., from 
1 to 10 barns; and (3) elements with cross sections exceeding 10 barns. In 
general, those in the last category, which include tungsten, tantalum, and cobalt, 
need not be considered further, except perhaps for intermediate and fast re- 
actors. Of the substances having small or moderate cross sections, soft metals 
and those with melting points below 500°C (930°F) may be eliminated as not 
likely to be very useful for structural purposes. The thermal absorption cross 
sections and melting points of the remaining elements, which are more or less 
readily available, are given in Table 8.14. 


TABLE 8.14. PROPERTIES OF POSSIBLE STRUCTURAL MATERIALS 





Low Thermal Cross Sections Intermediate Thermal Cross Sections 











M.P. M.P. 

Metal oa, barns} (°C) (°F) Metal oa, barns| (°C) (°F) 
Beryllium 0.009 1280 2340 Columbium 1.1 2415 4380 
Magnesium 0.069 651 1200 | Iron 2.4 1539 2°04 
Zirconium 0.18 1845 3350 | Molybdenum 2.4 2625 4760 
Aluminum 0.22 660 1215 | Chromium 2.9 1850 3360 
Copper 3.6 1083 1981 

Nickel 4.5 1455 2651 

Vanadium 5.1 1900 3450 

Titanium 5.6 1670 3040 





8.183. The number of metals with small thermal-neutron cross sections is seen 
to be very limited. Aluminum, usually in the relatively pure (> 99.0 per cent) 
28 form, has been extensively used as a reactor structural material, for cladding 
fuel elements, and for other purposes not involving exposure to high tempera- 
tures. Although magnesium has a slightly smaller cross section than aluminum, 
it is doubtful whether this would offset its higher cost and the problems asso- 
ciated with its fabrication. The same is true, to a large extent, for beryllium, 
although this metal might be used as a structural material in such circumstances 
that advantage could also be taken of its value as a neutron moderator and 
reflector. 


8.184. The remaining metal, zirconium, has only recently become available in — 
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commercial quantities of reasonable purity. It appears to be one of the most 
promising structural and cladding materials for nuclear reactors, especially those 
employing water at high pressure (and temperature) as the coolant. In addition 
to its low capture cross section for thermal neutrons, zirconium has excellent 
mechanical and fabrication properties and is exceptionally corrosion-resistant. 
Its high melting point is somewhat misleading, however, as it suffers a decrease 
in mechanical strength, and also becomes less resistant to attack, at temperatures 
above about 400°C (750°F). The production and properties of zirconium will 
be considered more fully later (§ 8.191). 

8.185. Turning to the elements of intermediate cross section, it will be seen 
that here also the choice is very limited. Columbium (niobium) has good me- 
chanical properties but it is searce and oxidizes badly above 200°C (390°F). 
The difficulty of fabricating chromium and molybdenum and the relatively high 
cost of vanadium make it unlikely that these metals will serve any purpose other 
than as alloying elements. On the other hand, the properties of iron, nickel, and 
copper can be so greatly improved by suitable alloy additions that their use in 
the unalloyed form is not probable. 

8.186. The other metal in this category, titanium, has attracted much atten- 
tion in recent years.* Titanium ores are abundant and are found concentrated 
in large deposits, chiefly as the minerals rutile, TiOs, and ilmenite, FeTiOs. 
These compounds are difficult to reduce to the metal, but commercial processes 
have been developed and are being improved. The special interest in titanium 
has resulted largely from its high strength-to-weight ratio in the temperature 
range from 100 to 450°C (212 to 842°F), which makes it attractive for uses where 
weight-saving is important. The corrosion resistance of the metal in certain 
environments is outstanding, and it holds considerable promise for use with 
aqueous solutions at high temperatures. The fabrication of parts from titanium 
by forging and welding presents some problems, but continuous progress is being 
made in overcoming them. The relatively high cross section will limit its use 
in reactor cores, but its resistance to corrosion may lead to applications in those 
parts of reactor systems where neutron absorption is not critical, e.g., for the 
transfer of solutions in aqueous homogeneous reactors and their associated 
chemical processing equipment. 


ALLOYS AS STRUCTURAL MATERIALS 


8.187. In addition to the pure metals considered above, there are many possi- 
bilities of producing alloys with desirable properties for use in reactor construc- 
tion. Besides the various combinations among the metals listed in Table 8.14, 
such elements as silicon (¢, = 0.1 barn) and tin (¢, = 0.6 barn), which would not 
normally be regarded as structural materials, might prove useful for alloying 


* ©, A, Hampel (Id,), “Rare Metals Handbook,” Reinhold Publishing Corp., 1954, Chapter 
24 (by A. BR, Ogden and B, W, Gonser), 
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purposes. With the increasing availability of pure beryllium, zirconium, and 
titanium, it is possible that new alloys may be developed of special interest for 
reactor applications. 

8.188. Among the more familiar materials, the austenitic stainless steels are 
corrosion-resistant and have good mechanical properties. The factors governing 
their selection for reactors and the problems connected with their use are similar 
to those encountered in other chemical and high-temperature applications. In 
spite of their generally satisfactory performance in a wide variety of circum- 
stances, the choice of an austenitic stainless steel can be made only after a 
thorough investigation of the potential difficulties which may develop in its use. 
Among the problems to be considered are the following: (1) susceptibility, in 
certain environments, to intergranular corrosion of unstabilized stainless steels 
after sensitizing heat treatments; (2) stress-corrosion cracking; (3) formation of a 
brittle sigma phase, particularly in the high-ferrite weld deposits which are fre- 
quently used to avoid weld cracking; (4) knife-line corrosion attack; (5) high 
thermal stresses due to poor heat conductivity; and (6) accelerated local attack 
by highly corrosive, rapidly flowing solutions due to removal of protective films. 

8.189. The approximate compositions of a number of stainless steels which 
may find application in reactor operations involving solutions, e.g., for homoge- 
neous reactors and chemical processing plants, are given in Table 8.15. Type 


TABLE 8.15. STAINLESS STEELS FOR REACTOR APPLICATIONS 





Carbon, % 
Type (maximum) Chromium, % Nickel, % Other Elements 

304 0.08 18.0 to 20.0 8.0 to 11.0 — 

304L 0.03 18.0 to 20.0 8.0 to 11.0 —_— 

3098 Cb 0.08 22.0 to 26.0 12.0 to 15.0 Cb (min. 8 X C) 
316 0.10 16.0 to 18.0 10.0 to 14.0 Mo (2.0 to 3.0%) 
316L 0.03 16.0 to 18.0 10.0 to 14.0 Mo (1.75 to 2.5%) 
347 0.08 17.0 to 19.0 9.0 to 12.0 Cb (min. 10 X C) 





304, which is a familiar variety, can be considered if the environment does not 
promote intergranular attack of sensitized stainless steel, if the structure is not 
to be welded, or if the welded structure can be given a full anneal at about 
1000°C (1830°F), followed by fast cooling to avoid sensitization. On the other 
hand, where intergranular attack of the sensitized material is to be expected or 
if field welding precludes annealing, Types 304L (low carbon) and 347 may prove 
useful. 

8.190. Nickel alloys, such as Nichrome, Monel metal, Inconel, and Hastelloys, 
are also of interest, especially since they are fairly resistant to attack by fused 
salts and alkali hydroxides. Copper-base alloys do not appear to be of value for 
reactor construction because of their high creep rate at elevated temperatures, 
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ZIRCONIUM AS A REACTOR MATERIAL * 


PRODUCTION OF ZIRCONIUM 


8.191. As far as can be seen at present, zirconium, alone or preferably in the 
form of alloys, seems to be a very promising metal for use as a constructional and 
fuel-cladding material in thermal reactors, at temperatures up to about 400°C 
(750°F). Until recently the scientific and technical literature contained rela- 
tively little information concerning this element, and so its production and some 
of its important properties will be described here. It may be mentioned that 
much of the development that has taken place in connection with zirconium 
and its alloys since 1947 has been a direct result of their potential use in reactor 
construction. 

8.192. The chief zirconium mineral is the silicate zircon, ZrSiOu, considerable 
deposits of which are found in Brazil, India, Australia, and Ceylon. It also 
occurs in appreciable quantities in various parts of the United States, including 
Florida, California, Oregon, and Idaho. Another commercial mineral is bad- 
deleyite, an impure form of zirconium dioxide, ZrO., which is associated with 
zircon in the diamond-bearing sands of Brazil. Zirconium is by no means a rare 
element; it is the eleventh most common in the earth’s crust, and is thus more 
plentiful than copper, lead, and zine. 

8.193. An important fact from the reactor standpoint is that zirconium ores 
invariably contain from 0.5 to 3.0 per cent of hafnium, and this element has a 
high cross section (115 barns) for the capture of thermal neutrons. It is de- 
sirable, therefore, that most of the hafnium be removed from zirconium for use 
in thermal reactors. Unfortunately, this is not a simple matter because the 
chemical properties of hafnium and zirconium are very similar; nevertheless, 
successful methods of separation have been developed. ft 

8.194. In the production of zirconium, the minerals are first separated from 
the accompanying gangue and other impurities by various combinations of 
gravity concentration, screening, and mechanical and electrostatic separation. 
The ore is then heated with carbon (graphite) in an electric furnace when zir- 
conium carbide (or cyanonitride in the presence of atmospheric nitrogen) is 
formed. In this operation the silica is driven off. The carbide (or cyanonitride) 


“or reviews of the production and properties of zirconium, see Symposium, “Zirconium 
and Zirconium Alloys,” American Society for Metals, 1953; E. C. Miller, Nucleonics, 11, No. 7, 
27 (1953); Metal Prog., 63, No. 5, 67 (1953); A. D. Schwope, zbid., 63, No. 5, 75 (1958); H. A. 
Saller, Proc. Conf. on Nuc. Eng., Berkeley, 1958, p. 11; W. A. Johnson, Chem. Eng. News, 32, 
1882 (1954); J. W. Holladay and J. G. Kura, Chem. Eng. Prog. Symposium Series, No. 11, 50, 
28 (1954); G. L, Miller, ‘‘Zirconium,”’ Academic Press, Inc., 1954; C. A. Hampel (Ed.), “Rare 
Metals Handbook,” Reinhold Publishing Corp., 1954, Chapter 28 (by A. W. Schlechten) ; 
“Metallurgy of Zirconium,” National Nuclear Energy Series, Div. VII, Vol. 4, McGraw-Hill 
Hook Co,, Ine., to be publiehed, 1955. 

| Small proportions of hafnium remaining in the zirconium are not necessarily harmful, since 
they can serve as a consumable poison to provide partial compensation for the change in re- 
activity accompanying fuel consumption (see § 12,118), 
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is converted into zirconium tetrachloride, ZrCli, by means of chlorine gas, ga 
the salt is then dissolved in water containing hydrochloric acid. After ate 
of the hafnium,* the zirconium is precipitated as a basic sulfate from a solution cs 
pH 1.4 at 90°C (194°F). The basic zirconium sulfate is filtered off and ae 

with ammonium hydroxide to form zirconium hydroxide. (The latter can be 
obtained by direct addition of alkali or ammonium hydroxide to the zirconium 


Zirconium ore + graphite 
Heat in electric arc furnace 


Zr carbide (or cyanonitride) 
Heat in chlorine 


i Residue (waste) 


ZrCl, 
Dissolve and extract hafnium 


|—- Hafnium 


Zirconium solution 
Add H,SO, and adjust to pH 1.4 at 90°C. 
Filter 


Filtrate (waste) 


Basic zirconium sulfate precipitate 
Add NH,OH 


Zirconium hydroxide 
Filter 


Filtrate (waste) 


Residue ignited to ZrO, 
Mix with carbon and chlorinate 


| 


ZrCk 
Pass vapor into molten Mg 
Distill in vacuum 


| re (MgCl, Mg, etc.) 


Residue 
Zr sponge 


Fig. 8.15. Simplified flow sheet for extraction of zirconium from zircon 


* The actual process used is classified, but various methods i sate gm 
conium have been deseribed in the unclassified literature, eg, 1. Te A 


UCR1-2536; seo alao W, M, Manning, Report ANCD-8067, p, 0 


separating hafnium from sit 
et al,, Report 
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solution, but the resulting precipitate is difficult to filter.) The hydroxide 
precipitate is-then filtered, washed, and ignited to form the oxide, ZrO. This is 
made into briquettes with carbon and chlorinated at high temperature (over 
800°C or 1470°F); the zirconium tetrachloride formed, which sublimes at about 
300°C (572°F), is collected in a condenser. The tetrachloride is then resub- 
limed and the vapor passed over a bath of molten magnesium, when the reaction 


takes place. The magnesium chloride formed and excess magnesium are re- 
moved by vacuum distillation, leaving a mass of zirconium sponge.* A simpli- 
fied flow sheet of the process for the production of zirconium is given in Fig. 8.15. 

8.195. For use in reactors the zirconium sponge was at one time purified by 
the deBoer (or iodide) process, similar to that described in § 8.35 for thorium. 
Zirconium tetraiodide, formed by the interaction of iodine vapor with zirconium 
sponge, is decomposed on an electrically heated zirconium wire filament. The 
zirconium metal, in the form of pure ‘crystal bar,” deposits on the filament, and 
the iodine is regenerated to react with more zirconium sponge, and so on. In 
the course of time a substantial bar of zirconium forms and can be removed for 
fabrication. 

8.196. As result of improvements in the magnesium-reduction process, zir- 
conium sponge of such high purity is obtainable that further treatment by the 
expensive iodide procedure is now regarded as unnecessary. There is still the 
problem of consolidating the sponge into massive metal, since molten zirconium 
attacks all known crucible materials. Graphite crucibles are moderately satis- 
factory, but enough carbon is introduced into the zirconium to affect its proper- 
ties adversely. As a result of considerable research, an arc-melting process, using 
a consumable zirconium electrode and a water-cooled copper crucible to hold the 
melt, has been developed. The zirconium sponge, together with any desired 
alloying elements, is compacted into bars; these are welded together to form the 
consumable electrodes which are arc-melted to yield 6-in. ingots. To improve 
the homogeneity of the metal, the 6-in. ingots are joined by a threaded nipple 
and once more are-melted to produce 10-in. ingots. By carrying out the arc- 
melting in an atmosphere of helium and argon the contamination by oxygen can 
be held down to 0.03 per cent and that by nitrogen to 0.001 per cent or less. 
‘These elements increase the tensile strength of zirconium but tend to make it 
brittle and therefore hard to fabricate. The presence of nitrogen is especially 
detrimental to corrosion resistance in water at high temperatures. 


GeNneRAL, Poysicat, AND MrcuanicaAL Propertizs or ZIRCONIUM 
8.197, Pure zirconium is a silvery-white metal, its theoretical density being 


6.49 g/em* at 20°C (68°F). Between room temperature and its melting point 


* The product is sometimes called Bureau of Mines (or Kroll process) zirconium because it 
was developed at the Albany (Oregon) Laboratory of the Bureau of Mines, from a magnesium- 
reduction method initiated by W. J, Kroll, 
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(1845°C or 3355°F) it exists in two allotropic modifications: a close-packed hex- 
agonal (alpha) phase, stable up to 863°C (1585°F), and a body-centered cubic 
(beta) phase stable above this temperature. In spite of its hexagonal (aniso- 
tropic) structure, the alpha form of zirconium can be prepared in a ductile form 
having mechanical and machining properties similar to those of plain carbon 
eel. 

a 8.198. The physical properties of zirconium, e.g., thermal expansion and con- 
ductivity, vary with the nature and treatment of the metal. Anisotropic 
behavior is observed, as expected, both in single crystals and in rolled prod- 
ucts. At ordinary temperatures the linear coefficient of thermal expansion 1s 
10.3 X 10-* per °C in the direction of the hexagonal axis and 4.5 X 10~® per °C 
at right angles. The thermal conductivity decreases from 0.050 cal/(sec) (cm?) 
(°C/em) at 25°C (78°F) to 0.045 at 300°C (572°F). 

8.199. At temperatures up to about 400°C (750°F) relatively pure (e.8., crys- 
tal bar) zirconium and certain of its alloys, notably those containing small 
amounts of tin, are highly resistant to corrosion by air and water (or steam); 
a thin, stable, adherent oxide film is formed on the metal and this protects it 
from further attack. Above 400°C (750°F) it reacts more readily with oxygen 
and water and even with nitrogen, and since it loses a large part of its mechanical 
strength as well at these high temperatures, the use of zirconium as a structural 
material will probably be limited to lower temperatures. However, because of 
its excellent corrosion resistance and good mechanical properties at the required 
operating temperatures, in addition to its small cross section for neutron capture, 
zirconium was selected as one of the components of the core of the Submarine 
Thermal Reactor (Mark I). 

8.200. Zirconium forms alloys with many other metals, and some of these are 
stronger and have greater resistance to corrosion than pure (crystal bar) zir- 
conium. It is probable, therefore, that zirconium alloys will play an important 
part as structural and cladding materials for nuclear reactors in the future. 

8.201. The mechanical properties of different specimens of zirconium vary 
widely because they are appreciably affected by treatment of the metal and by 


TABLE 8.16. MECHANICAL PROPERTIES OF ZIRCONIUM 





Temperature 











Property 20°C (68°F) | 210°C (410°F) | 320°C (608°F) 








EEE 


Tensile strength, 10% psi 32 20 16 
Yield strength (0.2% offset), 10* psi 18 10 8 
Elongation, % 25 50 60 
Modulus of elasticity, 10° psi 14 12 11 
Poisson’s ratio 0.35 


Hardness, Rockwell A 
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the presence of traces of impurities. Although the data in Table 8.16 cannot be 
regarded as definitive, by any means, they provide some general indication 
of the mechanical properties of the relatively pure metal and their variation 
with temperature. It is seen that both the tensile strength and the yield 
strength fall off as the temperature is increased; the creep strength also decreases 
at the same time. These facts account for the statement made above that the 
use of zirconium as a structural material may be limited to temperatures below 
about 400°C (750°F). However, definite improvement can be achieved by 
alloying with other elements, such as aluminum, tin, molybdenum, and colum- 
bium (niobium). 

8.202. It is noteworthy that small amounts of oxygen and nitrogen produce 
marked effects upon the mechanical properties of zirconium metal. For ex- 
ample, 0.1 per cent by weight of oxygen increases the tensile strength to about 
42,000 psi, the yield strength for 0.2 per cent offset to 26,000 psi, and the hardness 
to Rockwell A 38; however, the elongation is decreased at the same time to about 
14 per cent, so that the metal is less ductile. The hardening effect of oxygen 
and nitrogen (and of carbon) decreases as the temperature is raised and becomes 
negligible around 400°C (750°F), so that these elements do not improve the high- 
temperature properties of zirconium. 

8.203. Zirconium metal is very susceptible to hydrogen embrittlement; as 
little as 10 ppm can produce a noticeable decrease in the Charpy V-notch 
impact value at normal temperatures. At higher temperatures, however, around 
300°C (480°F), the effect becomes negligible. Hydrogen may be absorbed by 
zirconium both during production and in subsequent processing operations, but 
it can be removed by annealing in a good vacuum at 800 to 900°C (1470 to 
1650°F). 

8.204. All conventional fabrication methods, such as machining, hot- and 
cold-rolling, forging, extrusion, and drawing, can be used with zirconium, pro- 
vided reasonable precautions are taken to prevent oxidation. For shapes which 
are to be machined to final size even this is not necessary. Large ingots can be 
subjected to hot-forging, blooming, and rolling in commercial steel-mill equip- 
ment without protection from the air. The relatively small surface contamina- 
tion can be removed by the sand-blasting and pickling procedures in general use 
for the treatment of stainless steel. On the other hand, pieces which are to be 
fabricated to close tolerances should be protected by an inert atmosphere or by 
jacketing with copper or steel. Such jacketing is also necessary for the extrusion 
of zirconium because the metal tends to gall in the die. Alternatively, glass can 
be used both to protect and lubricate zirconium during extrusion. 

8.205. Because hot operations have the advantage of easy size reduction, 
virconium ingots are generally forged and then hot-rolled as the initial operation. 
After cleaning the surface, the metal can be readily cold-worked, followed by 
annealing in vacuum or in an inert atmosphere to prevent attack and contamina- 
tion by oxygen and nitrogen from the air, After annealing, cold-worked zir- 
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conium is very ductile (provided oxygen, nitrogen, and. carbon have been kept 
out) and can be machined readily. 

8.206. Powder-metallurgical methods can also be used to fabricate zirconium 
parts.* Since zirconium itself is too ductile at ordinary temperatures for com- 
minution by mechanical methods, it is first converted into the hydride, e.g., by 
the action of hydrogen gas on zirconium sponge or erystal bar at 400 to 800°C 
(750 to 1470°F). The hydride is a brittle material which can be readily pul- 
verized in hammer or pebble mills, and the resulting powder can be decomposed 
into zirconium powder and hydrogen, upon heating in vacuum. For fabrication 
purposes the metal powder obtained in this manner may be compacted at pres- 
sures of about 50 tons/in.? and then sintered at temperatures over 1000°C 
(1830°F). In order to prevent access of oxygen and nitrogen the sintering 
process is carried out either in the presence of a pure inert gas or under vacuum. 
Zirconium hydride powder itself may be compacted directly and then sintered 
in a vacuum furnace; decomposition of the hydride takes place during sintering 
and the resulting product is superior in many ways to that obtained from zir- 
conium powder. Samples of zirconium made from powder as just described 
have highly satisfactory mechanical properties. They are hard and ductile and 
can be cold-rolled without difficulty. 

8.207. Zirconium metal has excellent welding characteristics, but the operation 
must be performed in an atmosphere of inert gas of high purity, e.g., helium or 
argon, to prevent contamination. The ability of molten zirconium to dissolve 
surface films of oxide and nitride is an important factor in the production of 
bonds having a high degree of integrity. Soldering and brazing by conventional 
methods are satisfactory, provided certain precautions are taken. 


Corrosion RESISTANCE OF ZIRCONIUM 


8.208. One of the outstanding properties of zirconium is its resistance to 
corrosion by the great majority of acids, alkalies, and salts in aqueous solution 
under all reasonable conditions. Among the substances which attack the metal 
are hydrofluoric acid, concentrated sulfuric acid, phosphoric acid, and ferric and. 
cupric chloride solutions. From the reactor standpoint the resistance to cor- 
rosion and erosion in water at high temperatures is important; a 500-hour dy- 
namic test in water at 205°C (401°F) indicated that zirconium suffered less at- 
tack than stainless steel, columbium (niobium), beryllium, carbon steel, and 
aluminum, the superiority over the other metals increasing in the order given. 
It should be pointed out, however, that the corrosion-erosion behavior of zir- 
conium is markedly dependent on the composition of the material, as will be 
seen below, on its metallurgical history, and on the state of its surface, as well 
as on the purity of the water and the presence of dissolved oxygen and nitrogen. 


*H, H. Hausner, H. 8. Kalish, and R. P. Angier, Trans. Am. Inst. Mining Met, Engrs., 
101, 625 (1951); H, H. Hausner and H. B. Michaelaon, Chem. Eng. Prog. Symposium Series, 
No, 11, 50, 11 (1954), 
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8.209. The corrosion behavior of zirconium in water at high temperatures is 
very sensitive to the presence of impurities.* Of the elements which are likely 
to be present, nitrogen, carbon, aluminum, and titanium are particularly del- 
eterious. Other harmful elements are oxygen, magnesium, silicon, and calcium, 
but these are generally found in zirconium in amounts too small to be detri- 
mental. In small concentrations, up to about 0.1 per cent, copper, tungsten, 
iron, chromium, and nickel appear to have little influence on the corrosion of 
zirconium by high-temperature water. 

8.210. Because the production of zirconium metal of a very high degree of 
purity is expensive, attempts have been made to improve the corrosion resistance 
of the commercial, e.g. arc-melted, product by the addition of various alloying 
metals. In this connection alloys containing 1.5 per cent or less of tin show 
considerable promise, especially if small quantities of iron, nickel, or chromium 
are present in addition. These alloys also have good mechanical properties at 
high temperatures. 

8.211. The resistance of zirconium to attack by certain liquid metals is of 
importance because of their possible use as reactor coolants (§ 8.242). Sodium 
and sodium-potassium alloys have little effect up to temperatures of 600°C 
(1110°F), provided the oxygen content is low. The resistance to lithium, 
bismuth-lead alloy, and bismuth-lead-tin alloy is reported to be good at 300°C 
(570°F) but limited (or moderate) at 600°C (1110°F).t 


CERAMIC MATERIALS FOR REACTORS t 


GENERAL CHARACTERISTICS OF CERAMICS 


8.212. The term “‘ceramics’’ is used in a very general sense to refer to materials 
of various types, ranging from graphite to cement, obtained by processes in- 
volving the use of high temperatures. Because of their great thermal stability 
and refractory nature, ceramic materials appear to be especially suited for use 
in reactors operating at elevated temperatures. Such reactors are of particular 
interest for power production because of the increase in thermal efficiency which 
is possible from their use. 

8.213. In comparison with metals, ceramics have the advantages of ability 
to withstand higher operating temperatures and better resistance to corrosion 
by various gases and liquids which might be used as reactor coolants. On the 
other hand, the thermal conductivity and tensile strength of ceramic materials 
are usually less than for metals. The discrepancy between the strengths of 
metals, on the one hand, and of ceramics, on the other hand, becomes less marked 
‘i oa E. Thomas, Chem. Eng. Prog. Symposium Series, No, 12, 50, 16 (1954); Report WAPD- 

NOL 8d.). “Liquid- ; aes 
cueman ‘ re. Mh ane Metals Handbook,” U, 8. Government Printing Office, 1952, 


{ R. F. Gellor, Nucleonics, 7, No. 4, 8 (1950); I’, 1, Norton, Report AECD-3424; J. F. White, 
Ceram. Soo, Bull,, 32, 301 (1058); see alno, Nucleonica, 11, No, 7, 20 (1958), 
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as the temperature is raised. It has been reported, for example, that few ma- 
terials are as strong as graphite above 1700°C (3090°F). Ceramic materials are, 
in general, brittle at ordinary temperatures, and this brittleness cannot be over- 
come, as it can be frequently with metals, by proper treatment. Consequently 
they present a difficult fabrication problem. However, at higher temperatures 
ceramics may develop plastic or elastico-viscous properties, so that they become 
much less brittle. 

8.214. One of the aspects of ceramics about which little is as yet known is the 
effect upon them of nuclear radiations, especially neutrons and fission products, 
at high temperatures. It is generally accepted that radiation damage will be 
greater than in metals, since most ceramics are chemical compounds with no free 
electrons. In ceramics of the ionic type, radiation will probably cause atomic 
(or ionic) displacements only, and so there should be self-healing or annealing, 
as is the case with metals, at elevated temperatures. But if covalent bonds are 
broken by the radiation, it is possible that the damage may be increased when 
the temperature is raised. Further, if there are any atomic-migration reactions 
which might occur in the ceramic material, then it is to be expected that, as with 
metals (§ 8.109), they will take place at a lower temperature in the presence of 
nuclear radiation. 

8.215. In view of the interest in high-temperature operations, e.g., for jet 
engines as well as for nuclear reactors, studies are being made of combinations 
of ceramic materials and metals; these mixtures have been called “‘cermets.” It 
is hoped to combine in them the thermal stability and refractory character of 
ceramics with the strength, ductility, and thermal conductivity of metals. 
Among the cermets which have attracted attention mention may be made of the 
systems Al,0;-Al, AlzO;-Cr, ZrC-Fe, TiC-Ni, and SiC-Si. In the latter the ele- 
ment silicon, which is not a metal, takes the place of a metal. 


AppLICATIONS OF CERAMIC MATERIALS 


8.216. Ceramics have actual or potential use in nuclear reactors as fuel ele- 
ments, moderators, shielding, control devices, structural materials, and insula- 
tors. Graphite, beryllium oxide, cement (in concrete), and uranium dioxide 
have already been employed, or considered for employment, in reactors, either 
existing or planned. -There are, however, a number of other ceramics or cermets 
which might well find application (or be given serious thought) in the future. 
Shielding materials will be discussed in Chapter X, and moderators have already 
been given some consideration. The treatment here will, therefore, be restricted 
mainly to other uses of ceramic materials. 


Fuel Elements ' 

8.217. In addition to the fact that it is readily attacked by air and water, 
uranium suffers from the disadvantages of undergoing phase changes at 662 and 
772°C (1224 and 1422°F) and of having only a moderately high melting point 
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(1133°C or 2070°F). It is apparent, therefore, that, for high-temperature opera- 
tion, reactor fuel elements of metallic uranium will be unsatisfactory. Various 
uranium compounds, such as the dioxide (UO2), the nitride, carbides, and sili- 
cides, which are ceramic-like in character, have been proposed as alterdatives 
since they are stable up to temperatures of about 2000°C (8630°F) or rinolhe; 
Combinations of these substances with more conventional ceramic materials 
including magnesium and beryllium oxides and silicon carbide, have also bean 
suggested for the production of fuel elements for use at elevated temperatures. 

8.218. In addition to temperature stability, it is necessary that a fuel element 
maintain reasonable strength over a considerable temperature range. Further 
it should have good corrosion resistance, a reasonable capacity to retain fisalon 
products, and the ability to withstand the action of nuclear radiations. Finally 
the substances present, apart from uranium, should have relatively low abwonde 
tion cross sections for neutrons. Although these requirements limit the choice 
of ceramic materials for use in reactor fuel elements, there are a few which satisfy 
some of them, at least, as noted above. 


Structural Materials 


8.219. Some properties of a number of ceramics and cermets which might have 
some application as structural materials for reactors operating at high tempera- 
tures are given in Table 8.17. Most of the data apply to normal temperatures 
since these are the only ones at present available. In any event, the phiysicil 
and mechanical properties are extremely variable; they are dependent upon the 
method of fabrication of the specimen under examination, the amount and nature 
of minor additions, and the firing temperature. 


TABLE 8.17. PROPERTIES OF CERAMIC MATERIALS FOR REACTOR APPLICATION 


Thermal 
; ; Theo- Expansion Modulus 
Melting Point ae Thermal Coefficient | Tensile | of Elas- 
ee eee ensity Conductivity er°C |Strength|  tici 
Material (°F) | (g/cm) | [cal/(sec) (cm?) (°C/em)] : 10°) | (103 seis ties 
AlsOs 3690 3.96 0.04 
BeO 4570 3.0 0.5 : ‘i is 
MgO 5070 3.6 0.05 13 ~2 12 
“rr 4890 6.3 0.004 6 18 36 
BIC 3990 3.2 0.08 4 ~2 —- 
SiC-Si 2730* 2.5 0.4 3 10 — 
AlyOy-Cr 2550*"| 5.9 0,04 6 39 47 
2550""| 5.8 0,08 4 





TiO-Ni 90 va 


* Decomposition temperature, 
** Maximum service temperature, 
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8.220. Two substances appear to be of special interest for use in reactors at 
high temperatures; these are graphite, whose properties were recorded in Table 
8.12, and beryllium oxide. In addition to being good moderators, with small 
absorption cross sections for neutrons, they have high thermal conductivities and 
excellent resistance to thermal shock. Although the tensile strength of graphite 
is small, it does increase with temperature; on the other hand, that of beryllium 
oxide decreases with increasing temperature. An important advantage of the 
latter substance is its greater resistance to corrosion or attack by other substances 
which might be required in reactor operation. 


Other Uses of Ceramic Materials 


8.221. The materials chiefly used for the control of thermal reactors at moder- 
ate temperatures are cadmium, boron steel, and, to some extent, boral (B,C- 
aluminum). None of these is, however, suitable for high-temperature appli- 
cations. Compounds of boron which are stable at elevated temperatures are 
boron carbide (BiC) and boron nitride (BN), and both could be employed for 
reactor control. Among other ceramic materials having large cross sections for 
the absorption of thermal neutrons are hafnium dioxide (HfO2), which is ob- 
tained in connection with the extraction and purification of zirconium (§ 8.194). 
Since a number of the rare-earth elements are excellent neutron absorbers, 
thermally stable control devices might be prepared by the addition of the oxides 
to suitable ceramic materials. 

8.222. Finally, mention may be made of the use of ceramics as heat insulators, 
e.g., for the pipes carrying hot coolant from the reactor to the heat exchanger. 
However, such materials do not need to have properties that differ in any way 
from conventional insulating materials except, perhaps, the ability to withstand 
higher temperatures. 


REACTOR COOLANTS 


GENERAL CHARACTERISTICS* 


8.223. Since most of the energy liberated in fission appears as heat, a nuclear 
reactor must have an adequate cooling system which will prevent the attainment 
of undesirable temperatures within the reactor. Such temperatures may be 
determined by a property of the fuel, e.g., uranium metal undergoes a phase 
change at 662°C (1224°F) accompanied by a relatively large increase in volume 
(§ 8.37), or of the coolant, e.g., it may be undesirable in a water-cooled reactor 
for the water to boil. The cooling medium (or coolant) may be gaseous or 
liquid, and the specific requirements for this substance will depend largely upon 
the rate of heat production, i.e., the reactor power density, and the operating 


* 0, J. Woodruff, Jr., J. W. McShane, and W. J. Purcell, Nucleonics, 11, No. 6, 27 (1958); 
E. Luebke, Proc. Conf. on Nuc. Eng., Berkeley, 1953, I-41; W. 1. Parkins, dbid., 1°55; aT 
Shimazaki, Chem, Eng. Prog. Symposium Series, No, 12, 50, 118 (1954), 
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temperatures. For a reactor of low power output, in which no use is made of 
the heat generated, the cooling system may be relatively simple. On the other 
hand, for economic power production a reactor should operate at high temper- 
atures, and then careful consideration must be given to the choice of coolant. 

8.224. In general a coolant should possess the following characteristics: 
(1) good thermal properties, e.g., high specific heat and thermal conductivity; 
(2) low power requirement for pumping; (3) high boiling point and low melting 
point; (4) stability to heat and radiation; (5) suitable corrosion characteristics 
in the given system; (6) small cross section for neutron capture; (7) nonhazard- 
ous, including low induced radioactivity; and (8) low cost. These topics will be 
reviewed briefly in the order given, although this must not be regarded as 
representing the order of their importance. In actual practice the coolant 
chosen for any particular application will represent a compromise among con- 
flicting requirements. 

8.225. Since the primary purpose of a coolant is the removal of heat from a 
reactor, it must possess good heat-transfer properties. For a given geometry 
and dynamics of flow this condition is best met by high thermal conductivity 
and high specific heat; for nonmetallic liquids in particular, low viscosity is also 
advantageous in this connection. The fraction of the power output required to 
pump the coolant through the reactor and heat exchanger should be small, and 
this requires a coolant with a high density and low viscosity. For use at high 
temperatures a liquid coolant should have a low vapor pressure, so that a strong 
pressurized system is not necessary. At the same time, the coolant should 
remain liquid down to low temperatures to avoid the possibility of solidification 
when the reactor is shut down. These two requirements are, to a certain extent, 
contradictory; the former implies a high boiling point and the latter a low 
melting point. Nevertheless, a number of substances are known, e.g., liquid 
metals and molten salts, that have a very wide temperature range for the liquid 
phase. The problem considered here does not arise, of course, when a gas is 
used as coolant. 

8.226. A coolant should be stable with respect both to high temperatures and 
to the action of nuclear radiation. If the reactor has a circulating fuel, so that 
the secondary coolant is not exposed to a very high radiation field, the problem 
of radiation decomposition (and of induced radioactivity) is not so serious as 
when the coolant actually flows through the reactor. Further, it is necessary 
that the fluid should not attack the materials, either inside or outside the reactor, 
with which it comes into contact. Since the coolant system is a dynamic one, 
mass transfer due to temperature gradients may be very significant. As far as 
physical and chemical attack is concerned, the coolant and containing materials 
must, of course, be considered together. 

8.227. Because loss of neutrons must be compensated for by an increase in the 
fuel loading of the reactor, the coolant should consist of an element or elements 
having small cross sections for neutron capture, This restriction is not im- 
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portant for fast reactors, because the capture cross sections for high-energy 
neutrons are invariably small. If, as a result of neutron capture, the (primary) 
coolant acquires induced activity, this should be weak with little or no gamma 
radiation in order to avoid the necessity for shielding pumps, heat exchanger, and 
piping. It is desirable, in any event, that the cooling medium not be toxic or 
otherwise hazardous, and that it does not become a hazard as a result of exposure 
to radiation. Finally, the coolant should be readily available at relatively low 
cost. 

8.228. For a thermal reactor it is desirable, too, that the elements present in 
the coolant should have low atomic weights. In other words, it is an advantage 
if the coolant acts also as a moderator and makes some contribution to the 
slowing down of the neutrons. On the other hand, for a fast reactor, where 
slowing down is to be avoided, materials of low mass number should be elimi- 
nated, as far as possible. 

8.229. It will be seen shortly that no single substance (or mixture) satisfies 
all the requirements laid down for a satisfactory reactor coolant. Before con- 
sidering various individual coolants, the most important properties of those 
substances which appear to offer some prospect for use in reactors, now or in the 
future, are summarized in Table 8.18.* Because a coolant may be used over a 
range of temperatures, values are given for two temperatures where possible. 


Gasrous CooLantst 


8.230. On the basis of general radiation and thermal stability, ease of handling, 
and absence of hazardous conditions, there is much to recommend the use of a 
gas as coolant. Since it is readily available, air is the most obvious choice. 
Unfortunately, air is not a good heat-transfer material and, as with gases in 
general, a large proportion of the power produced is consumed in pumping the air 
through the cooling system. Further, at high temperatures the oxygen (and 
in some cases the nitrogen also) is likely to attack the graphite or beryllium 
moderator and the structural and fuel-canning materials. Air is used as the 
coolant in several of the natural uranium-graphite reactors (see Table 1.10), but 
these are all large and operate at relatively low power densities. The heat flux 
is thus fairly small and excessive volumes of air are not needed to keep the fuel 
temperatures at reasonable levels.t For research reactors such as_ these, 
the inefficiency of air as a coolant is offset by the simplicity of design. Air is 
also used as coolant in the British plutonium-production reactors;§ this choice 
was determined largely by safety considerations and also because of the difficulty 


* More complete data, expressed in standard engineering units, will be found in the Ap- 
pendix. 

{See J. B. Haddow, Report on Atomic Power Symposium, Chalk River, Ontario, 1953 
(CRR-548-A), p, 110, 

{The maximum heat flux, near the center, of the Oak Ridge graphite reactor is 9250 
Itu/(hr)(ft®) and the power density in the fuel is then about 120 kw/ft*, 

§ KK, 1. B. Jay, “Britain’s Atomic Factories,” TH, M, Stationery Office, 1954, p, 22, 
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in finding a large supply of reasonably pure water for cooling purposes, such as 
is available at Hanford. After leaving the reactor, the air is always somewhat 
radioactive, mainly due to the presence of argon-41, but since it is unnecessary 
to use a closed system, the air is discharged through a high stack. 

8.231. Although hydrogen would be the best gaseous coolant, as far as both 
heat transfer and pumping power are concerned, it would constitute a serious 
explosion hazard if it escaped into the air. In addition its containment, espe- 
cially under pressure, would require the use of special steels not subject to 
attack or embrittlement by hydrogen. Consequently no proposal has been made 
for the use of hydrogen as a reactor coolant. 

8.232. From several points of view, helium has much to recommend it as a 
gaseous coolant. Although its thermal properties are not quite as good as those 
of hydrogen, it has a negligible cross section for neutron capture and is not 
hazardous. It is also stable to heat and to the action of radiation. In addition 
it is inert chemically and has no harmful effects on structural or containing 
materials. Because of the high cost of helium, it would be necessary to use a 
closed circulating system, and in order to economize in pumping power moder- 
ately high (or high) pressures would be necessary, thus introducing the problem 
of leak-proof pressurized vessels. It is of interest to mention that, when the 
Hanford reactors were first designed, helium was the preferred coolant; it was 
not used, however, mainly because of the difficulties anticipated in the prevention 
of leakage of helium gas under pressure from such large structures and in the 
loading and unloading of the reactor fuel.* More recently a proposal has been 
made to use helium at 10 atm pressure as the coolant in a dual-purpose reactor 
for production of both plutonium and power. ft 

8.233. Nitrogen gas at 10 atm pressure was originally the coolant in the 
French (P2) reactor at Saclay, but this is being abandoned in favor of carbon 
dioxide. Not only has nitrogen a fairly large neutron-capture cross section, 
but as a result of the (n, p) reaction radioactive carbon-14 is formed which would 
constitute a hazard if it escaped from the pressure vessel. Safety considerations 
have also determined the use of carbon dioxide under pressure as the coolant 
for the British central-station power reactor, which is expected to begin opera- 
tion in 1956 or 1957. The carbon and oxygen nuclei in carbon dioxide have 
small cross sections for neutron capture, and the gas itself is free from the 
dangers of toxicity or explosion. Carbon dioxide does not readily attack metals, 
although it does react with graphite at fairly high temperatures. It is less 
efficient than helium as regards heat transfer, pumping power, and neutron 
absorption, but it is, of course, much more readily available. An uncertain 
factor in connection with the use of carbon dioxide as a coolant is the effect of 


*H. D. Smyth, “Atomic Energy for Military Purposes,” U. 8. Government Printing Office, 
1945, § 7.16. ’ 

t “Reports to the U. 8. Atomic Energy Commission on Nuclear Power Reactor Technology,” 
U. 8. Government Printing Office, 1953, p. 1; see also Nucleonics, 11, No. 6, 51 (1958), 

t See Atomics, 5, 174, 275 (1954), 
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the intense radiation field in the reactor upon its stability and interaction with 
graphite and other materials. 


WATER AS COOLANT 


8.234. From the standpoint of cost, water ranks next to air for use as a coolant, 
provided it is available in a sufficient degree of purity. Thus one of the con- 
trolling factors in the location of the Hanford and Savannah River plants was 
the accessibility of large volumes of water. of unusual clarity and purity. Never- 
theless, some further purification is necessary, as will be seen below, which adds 
to the cost. Water has a high specific heat, although only a fair thermal con- 
ductivity as compared to liquid metals; it has a relatively low viscosity and is 
easily pumped. The pumping power for equivalent heat removal is roughly on 
the order of one tenth of that required with a gaseous coolant at 10 atm pressure. 
One of the great advantages of water, of course, is that it can act simultaneously 
as moderator and coolant, e.g., in the MTR, STR, and PWR. 

8.235. The use of water as coolant has, however, a number of drawbacks. 
Among these may be noted a fairly large neutron-capture cross section, decom- 
position by radiation, corrosive action on metals, and low boiling point at normal 
pressures. Further, the induced radioactivity, especially that of nitrogen-16, 
resulting from the (n, p) reaction of fast neutrons with oxygen-16, as well as that 
due to the capture of thermal neutrons by impurities, e.g., sodium, must not be 
overlooked. The loss of neutrons can be compensated by loading additional 
fuel into the reactor in order to attain criticality or by the use of uranium some- 
what enriched in the 235-isotope, e.g., in the MTR, PWR, etc. The effect of 
radiation on water is fairly well understood and the extent of decomposition can 
be minimized by removing ionic impurities, a procedure which is desirable for 
other reasons. If decomposition is appreciable, a degasifier may be necessary to 
remove the oxygen and hydrogen gases formed. 

8.236. At moderate temperatures enough data concerning the corrosive prop- 
erties of water are available to permit the design of satisfactory cooling systems. 
Aluminum can be used as the piping material if the temperatures are moderate 
and stainless steels are available for higher temperatures. In order to minimize 
corrosion and the formation of scale on the heat-transfer surfaces, the water 
must be purified, by demineralization or distillation. In some circumstances 
deaeration may also be necessary. The Columbia River water used to cool the 
Hanford reactors is purified for an additional reason—to decrease the amount 
of radioactivity introduced into the river by the return water. 

8.237. For the efficient production of useful power, a reactor must be operated 
at temperatures well above the normal boiling point of water under atmospheric 
pressure. In these circumstances, as in the STR and PWR, for example, high 
pressures must be used, which means the reactor must be enclosed in a pressure 
vessel. Further, at high temperatures even pure water, free from ionic im- 
purities and oxygen, becomes very corrosive, As a result of the corrosion 
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problem and the need for high pressures, the use of water as coolant in a power 
reactor imposes limitations upon materials and equipment. Among the mate- 
rials which possess the necessary properties of strength and corrosion resistance 
are certain stainless steels, titanium (or its alloys), Inconel, and K Monel metal. 
In addition, zirconium has a number of useful applications. 

8.238. Although it has been realized for some time that boiling water (or other 
liquid) would be effective as a coolant, because advantage would be taken of the 
latent heat of vaporization, it was felt that bubble formation in a reactor would 
lead to instability that might result in a catastrophic increase of reactivity. 


However, it has now been shown that it is not at all difficult to design a reactor, 


with solid fuel elements and water as coolant and moderator, in which bubble 
formation causes a decrease, rather than an increase, of reactivity. This effect 
is due largely to the decrease in the resonance escape probability (if moderately 
enriched fuel is used) and to the increase in neutron leakage accompanying the 
partial expulsion of the moderator. 

8.239. Because of the self-regulating effect of steam-bubble formation, a Te- 
actor can be operated continuously in a stable fashion under boiling conditions. 
If the water boils more rapidly than required by the normal operating power, 
the additional bubble formation will decrease the reactivity and less heat will be 
produced by fission. This will tend to bring the boiling rate back to the desired 
value. The great advantage of a boiling-water reactor of this type is that it 
would produce steam directly, without the use of a heat exchanger, so that the 
same over-all efficiency for power production could be attained with lower tem- 
peratures and pressures in the reactor and greatly reduced pumping power.* 


Heavy WatTeR As CooLANT 


8.240. The only significant difference between ordinary water and heavy water 


as a reactor coolant (or coolant-moderator) lies in the appreciably smaller cross 
section of the latter for the capture of thermal neutrons. The improvement in 
neutron economy means that less fissionable material is required to make the 
reactor critical and natural uranium can be used as the fuel. In a few research 
reactors, including CP-3’ and CP-5 at Argonne National Laboratory, the 


heavy-water moderator is circulated through a heat exchanger so that it is 


also the coolant. Such reactors operate at relatively low power densities, and 
the total volume of heavy water is not excessively large. A proposal has been 
made to utilize this substance as the coolant-moderator in a dual-purpose reactor 
capable of a (gross) electric power output of 225,500 kw, but the high cost of 
the heavy water makes the design impractical at the present time. = 
i rt on the Five-Year Power Reactor Development Program Proposed by the Ato 
Sadiieaitaieaaan’ U. 8. Government Printing Office, 1954, pp. 11, 15; 8. Untermyer, Nu« 
cleonics, 12, No. 7, 43 (1954); W. H. Zinn, Atomic Industrial Forum Report, July 1954, p. 36. 
tT “Reports to the U.S. Atomic Energy Commission on Nuclear Power Reactor Technology, 
U. 8. Government Printing Office, 1953, p. 17. The cost of the heavy water alone, based on 


i i for the 
ket price of $80 per lb, would amount to about $180 per kw of electrical output 
er ale Neaoriead; this is about as much as the total cost of a conventional coal 


burning plant, 
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8.241. If heavy water should become available at a reasonable price, as it may 
well do in due course, a particularly interesting application would be as coolant- 
moderator in a boiling-water type of reactor. It is probable that such a reactor 
would be self-regulating under all conditions, irrespective of whether the fuel 
were natural or enriched uranium and of the ratio of uranium-235 to heavy water. 
Further, the greater spacing permissible between the fuel elements would facili- 
tate the escape of steam in a boiling heavy-water reactor, as compared with one 
using ordinary water. 


Liquip Merats as Coonants* 


8.242. For reactors with high thermal fluxes, operating at high temperatures, 
liquid metals appear to have special interest as coolants. They have excellent 
thermal properties, e.g., high thermal conductivity and low vapor pressure; 
metals of low atomic weight, e.g., lithium and sodium, also have relatively high 
specific heats and volumetric heat capacities. Further, liquid metals are stable 
at high temperatures and in intense radiation fields. Their main disadvantage 
lies in difficulty of handling and the corrosive properties of some metals at high 
temperatures. It should be noted, however, that the General Electric Company 
has for several years used mercury in boilers, and that the Argonne National 
Laboratory and Knolls Atomic Power Laboratory have gained considerable ex- 
perience with flow systems of such potentially hazardous coolants as liquid 
sodium-potassium alloy and liquid sodium, respectively. In any event, the 
corrosive properties of liquid metals do not become pronounced until tempera- 
tures at which other liquids are no longer usable as coolants. 

8.243. The heat-transfer characteristics of several liquid metals are superior 
to those of water, so that it is possible to achieve the same rate of heat removal 
with smaller areas of contact between fuel and coolant. On the other hand, the 
volumetric heat capacities of liquid metals are less than that for water, so that a 
higher flow rate may be necessary to remove the same amount of heat. The 
pumping power depends on several factors, and it may be greater or less than 
for water; for the metals of low mass number it is generally somewhat less, but 
it is larger for elements of high mass number, e.g., bismuth and lead. On the 
whole, pumping power would not be an important consideration in the choice 
of a coolant among various liquid metals and water. 

8.244. Some indication of the metals which might be used as coolants in 
thermal reactors can be obtained by selecting elements having relatively low 
wbsorption cross sections for thermal neutrons and melting points below 500°C 
(30°F), These are given in Table 8.19; as before, they are divided into two 
(lasses, namely, those with absorption cross sections less than 1 barn, and those 
with cross sections from 1 to 10 barns. Mercury is not included in this table 
hocause of its large cross section (340 barns) for the capture of thermal neutrons. 


* i]t, N, Lyon (Id,), “Liquid-Metals Handbook,” U. 8, Government Printing Office, 1952; 


'T, Trocki, Nucleonioa, 10, No, 1, 28 (1952); H, 1, Pilbe, Report on Atomic Power Symposium, 
Ohalk River, Ontario, 19538 (ORRb48-A), p. 128; W, Io. Parkina, loo, eit, : 
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For fast neutrons the capture cross section is much less, and mercury was used 
as coolant in the Los Alamos Fast Reactor. However, the boiling point of 
mercury is 357°C (675°F), and its vapor pressure at moderate temperatures is 
relatively so high that it is considered less desirable than other possible coolants. 


TABLE 8.19. METALS OF SMALL THERMAL-NEUTRON CROSS SECTION AND LOW MELTING POINT 





Small Thermal Cross Sections Intermediate Thermal Cross Sections 





M.P. M.P. 
Metal oa, barns (°C) (°F) Metal oa, barns (°C) (°F) 
Bismuth 0.032 271 520 Potassium 2.0 62 145 
Lead 0.17 327 621 Gallium 2.7 30 86 
Sodium 0.50 98 208 Thallium 3.3 302 576 
Tin 0.65 232 450 


Pe (Sr, (EE 


8.245. Of the elements in Table 8.19, potassium, gallium, and thallium do not 
present any notable advantages, especially as the two latter are expensive. 
Further, liquid gallium is difficult to contain at high temperatures, and the same 
is true of tin. Bismuth and lead have satisfactorily low cross sections, but their 
melting points are fairly high. A eutectic alloy of these two elements, contain- 
ing 44.5 per cent of lead by weight, melts at 125°C (257°F) and may be a possible 
reactor coolant; another possibility is a lead-magnesium eutectic, containing 97.5 
per cent of lead, which melts at 250°C (482°F). 

8.246. A significant drawback to the use of bismuth in a reactor 1s the fact 
that it undergoes (n, y) reaction to form bismuth-210 (radium-E), and this is a 
beta-particle emitter of 5.0 days half life, decaying to yield polonium-210. The 
latter constitutes an exceptionally insidious hazard because it is very toxic and is 
difficult to contain. Nevertheless, the problem is not regarded as insoluble, and 
a reactor has been designed with a circulating fuel of uranium dissolved in molten 
bismuth.* The best containing materials for liquid bismuth, and also probably 
for lead and its alloys, are chrome steels, e.g., 24% Cr-1% Mo and 5% Cr-14% Si, 
Mass transfer, which becomes important at high temperatures, around 550°C 
(1020°F), can be controlled by addition of small amounts of zirconium and 
magnesium to the liquid metal. | 

8.247. Liquid sodium has attracted much attention as a reactor coolant, as will 
be seen shortly, as also has an alloy of 22 per cent (by weight) of sodiuse and 
78 per cent of potassium, written NaK and generally referred to as nack, 
which is liquid at room temperatures. Lithium is included in Table 8.18 in 
spite of the large capture cross section of the natural form of the element for 









i them, Eng. Prog. 
bd rts by members of the staff of Brookhaven National Laboratory, Chem. Ling 
ae No, 11, 50, 245 (1954); No, 12, 50, 28, 153, 178, 228 (1054); aluo, Nucleonioa, 
12, No, 7, 11-42 (1964), 
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thermal neutrons; this is because separated lithium-7, although expensive and 
at present unavailable in quantity, may ultimately be important. 

8.248. The general opinion at present seems to be that sodium is, on the whole, 
the most suitable liquid metal for use as coolant for a reactor operating at high 
temperatures.* If free from oxygen, liquid sodium does not attack. stainless 
steels, nickel, many nickel alloys, beryllium, or graphite at temperatures below 
600°C (1110°F). At higher temperatures mass transfer can occur in steels, but 
this may perhaps be controlled by additives. Because of its fairly high melting 
point (98°C or 208°F), there is some possibility that sodium may solidify in the 
reactor cooling system; this can be avoided by jacketing the sodium lines with 
electrical resistance heaters. In any event, after the reactor has been in opera- 
tion at high power for some time, the heat which continues to be liberated after 
shut-down will keep the sodium in the liquid state for several days. One of the 
reasons why Nak, which is inferior to sodium as a heat-transfer medium, was 
chosen as coolant for the Experimental Breeder Reactor (EBR) was the fact that 
it is liquid at ordinary temperatures, so that there is no danger of solidification 
either inside or outside of the reactor. Also, in a fast-neutron reactor, as is the 
EBR, it is advantageous to replace some of the sodium by an element of higher 
mass number. 

8.249. A drawback associated with the use of sodium as a reactor coolant, 
either alone or as an alloy, is the formation of sodium-24 as a result of neutron 
capture. This radioisotope has a half life of nearly 15 hr and emits, in addition 
to beta particles, two gamma-ray photons of fairly high energy (1.38 and 2.75 
Mev). Consequently some shielding is necessary for coolant tanks, piping, 
pumps, and heat exchanger, and maintenance problems are increased. In the 
KBR the volume to be shielded is reduced by means of a secondary cooling 
circuit of sodium-potassium alloy. The exchanger in which heat is transferred 
from the primary to the secondary coolant is shielded, but the remainder of the 
secondary circuit, including the heat-exchanger (or boiler) in which steam is 
produced, is not radioactive and does not require shielding. 

8.250. An objection which has been raised against the use of liquid sodium 
(or an alloy) as a coolant is the danger of fire and explosion resulting from access 
of air or water. Extensive studies made at Knolls Atomic Power Laboratory 
have established the fact that, by the exercise of proper precautions, the hazards 
can be greatly minimized. Confidence in the ability to handle hot liquid sodium 
is so great that it is planned to use it as primary coolant for the Submarine 
Intermediate Reactor. The heat will be transferred to water, in order to pro- 
duce steam, in a heat exchanger in which mercury acts as an intermediary fluid. 
‘Thus the sodium will not come in contact with the water if the heat exchanger 
develops a leak, and the presence of such a leak will be readily detected from 
observation of the mercury. 

* This statement should not be taken to imply that liquid sodium is regarded as the best 


coolant; it is probably the beat quid metal coolant now available (of, R. ¥. Koenig and 8. R. 
Vandenberg, Metal Prog,, 61, No, 8, 71 (1962)), 
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8.251. The problem of pumping liquid metals would appear to be difficult of 
solution, but it has been overcome in several ways. In the so-called “electro- 
magnetic’? pumps, for example, advantage is taken of the electrical conductivity 
of a liquid metal to force it to flow in a pipe under the influence of a magnetic 
field. ‘These pumps operate on the same principle as an electric motor. Ifa con- 
ductor in a magnetic field carries a current flowing at right angles to the direc- 
tion of the field, a force is exerted on the conductor in a direction perpendicular 
to both the field and the current. In the electromagnetic pump the liquid metal 
is the conductor which passes through a duct located between the poles of an 
electromagnet (Fig. 8.1.6) A current from an external source is then passed 
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Fig. 8.16. Schematic representation of electromagnetic pump (T. Trocki) 


across the liquid metal in a direction perpendicular to both the magnetic field and 
the desired direction of flow of the liquid metal. The force exerted on the con- 
ductor by the magnetic field then causes flow to take place. One advantage of 
the electromagnetic pump is that it has no moving parts, so that maintenance is 
greatly simplified. This is important, not only because of the nature of the 
liquid being pumped but also because the pump may be contaminated with 
radioactive material, e.g., sodium-24.* 


Fusep SALTS AND HypROXIDES AS CoOLANTS 


8.252. A mixture of sodium nitrite and sodium and potassium nitrates known 
as HTS (“heat transfer salt’’), melting at 145°C (293°F), has been used for some 


*For descriptions of electromagnetic and other pumps, see “Liquid-Metals Handbook,” 
p. 245; also A. H. Barnes, et al., Reports AINCD-3430, AISCD-3431; Nucleonics, 11, No. i 
16 (1953); J. F. Cage, Jr., Report AECU-2282; Mech, Lng., 75, 467 (1953); EB, F. Brill, ibid, 
75, 369 (1958), 
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time in industry as a heat-transfer fluid; the feasibility of molten salts as coolants 
on a large scale has thus been demonstrated. However, this particular mixture 
absorbs neutrons too readily to be of any value as a primary reactor coolant, 
although it might be used in a secondary system. The heat-transfer properties 
of fused salts are, in general, inferior to those of liquid metals. Indeed, as re- 
actor coolants fused salts and hydroxides appear to offer no particular advantages 
over liquid metals, except a possible decrease of hazard and improved moderating 
properties. Some attention has, nevertheless, been given to fused salts and fused 
hydroxides as reactor components. 

8.253. The fused salts proposed as coolants for high-temperature reactors are, 
in general, mixtures of lithium-7, sodium, and potassium fluorides, with the 
possible addition of fluorides of other elements having small neutron-capture 
cross sections. One of these is beryllium fluoride, which would contribute to the 
neutron moderation in a thermal reactor, if the resulting increase in viscosity 
could be tolerated. The fluorides appear to be stable at high temperatures and 
in intense radiation fields. Their heat-transfer properties are not particularly 
good, but they can be pumped readily. The molten fluorides can be contained, 
at least for a few thousand hours, at high temperatures in equipment constructed 
of certain nickel alloys. 

8.254. The interest in fused hydroxides as reactor coolants is partly connected 
with the fact that the hydrogen and, to a lesser extent, the oxygen present would 
serve as moderators. Sodium hydroxide (melting point 318°C or 604°F) is the 
only hydroxide that has been considered at all seriously.* It is stable at elevated 
temperatures, although relatively little is known of its behavior under the in- 
fluence of radiation. The problem of containing molten sodium hydroxide at 
temperatures above 550°C (1020°F) appears to be very difficult; below this 
temperature nickel and possibly certain nickel alloys show some promise. 


OrGanic Liquips AS CooLANTS 


8.255. In conclusion, some reference may be made to the possible use of or- 
ganic liquids as reactor coolants. An organic compound consisting largely (or 
entirely) of carbon and hydrogen could be as good a moderator as water. If, 
in addition, it has a high boiling point, it would have the advantage of requiring 
lower pressure than water when used as the primary coolant for a power- 
reactor system. Further, organic compounds, especially hydrocarbons, are on 
the whole very much less corrosive than water at high temperatures. A possible 
example of an organic moderator-coolant might be the eutectic mixture of 
diphenyl and diphenylene oxide, called Dowtherm A, which is used as a heat- 
(ransfer agent in industry. It melts at 25°C (78°F) and boils at 252°C (486°F) 
it atmospheric pressure and is thermally stable over this temperature range. 

8.256. The main difficulty in connection with the use of organic compounds 


*See, for example, 2. M, Simons and J, H. Stang, Chem, Mng. Prog, Symposium Series, 
No, 11, 80, 189 (1054), 
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as reactor coolants would appear to be their relative instability to radiation. 
However, some indication that this problem has been solved, at least partially, 
is to be found in the announcement made early in 1955 by the A.E.C. that work 
on the use of hydrocarbons as moderator and coolant has reached an advanced 
state of development. It is felt that a reactor experiment with an organic liquid 
as moderator-coolant-may soon be justified. 

8.257. Apart from the application of organic liquids as primary coolants, 
there may be some scope for their utilization in a secondary capacity in regions 
where the radiation intensity is small. For example, when sodium (or Nak) is 
the primary coolant, the induced radioactivity makes an intermediate heat- 
exchange system very desirable. An organic liquid, which did not react chemi- 
cally with either sodium or water, might have definite usefulness as a secondary 
coolant in such a system. The relative instability to radiation would not be 
very serious, because the total beta and gamma radiations from the sodium-24 
would be very much less than the intensity within the reactor. 


Sympots Usep in Cuapter VIII 


D diffusion coefficient of thermal neutrons 
F feed rate of gas in diffusion cascade 

L diffusion length of thermal neutrons 

L interstage flow rate in diffusion cascade 
La value of L at nth stage 

Liacat interstage flow rate in ideal cascade 


migration length of thermal neutrons 
molecular weight 

number of atoms (or molecules) per cm? 
Niaeat total number of stages in ideal cascade 

Nmin minimum total number of stages (total reflux) 
n stage number in diffusion cascade 

Niaeat number of enrichment stages in ideal cascade 
mim minimum number of stages (total reflux) 
product withdrawal rate (at top of cascade) 


255 


W waste withdrawal rate (at bottom of cascade) 

x fraction of lighter isotope in depleted (downflowing) stream 
Ln value of x at nth stage 

xy fraction of lighter isotope in feed 

Lp fraction of lighter isotope in product 

xy fraction of lighter isotope in waste 

y fraction of lighter isotope in enriched (upflowing) stream 
Yn value of y at nth stage 

a isotope separation factor 

a theoretical separation factor 


Qn separation factor at nth stage 
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6 “cut” at diffusion barrier 
Ss macroscopic absorption cross section 
Zs macroscopic scattering cross section 
Ca microscopic absorption cross section 
Os microscopic scattering cross section 
T Fermi age of thermal neutrons 
é average logarithmic energy decrement per collision 

PROBLEMS 


1. In an ideal gaseous-diffusion cascade using natural uranium hexafluoride as the feed 
material the separation factor may be taken as 1.0043 at all stages. The fraction of 
uranium-235 in the product is 0.85 and that in the waste is 0.0030. Assuming the 
product is removed at the rate of P pounds per day, determine (a) the number of enrich- 
ment stages, (b) the number of stripping stages, (c) the feed rate, (d) the percentage 
recovery of uranium-235, and (e) the interstage flow rate at the feed stage. 

2. For the conditions of the preceding problem, plot the variation of the concentration 
of uranium-235 and of the interstage flow rate with the stage number in an ideal gaseous- 
diffusion cascade (cf. Fig. 8.9). What is the total interstage flow rate for all stages of 
the cascade? 

3. Propose a squared-off cascade that would be a good practical substitute for the 
ideal cascade of the two preceding problems. Estimate the total interstage flow rate 
and the number of stages in the enrichment and stripping sections. 

4. An ion-chamber is to be placed near a reactor where the thermal flux is about 10" 
neutrons/(cm?)(sec). It is desired that the instrument should not need replacement for 
at least two years; would polystyrene be a satisfactory insulating material? Brass is 
frequently used for encasing ion-chambers; why would this not be suitable in the present 
case? Suggest alternative materials that might be used. 

5. A reactor component of stainless steel (density 7.80 g/cm’) has the following com- 
position in weight percentages: chromium 17.5, nickel 11.0, manganese 1.0, columbium 
(niobium) 0.75, carbon 0.065, the remainder being iron. What is the total rate of neu- 
tron absorption per sec per cm® of the steel when located in a thermal flux of 10” 
neutrons/(cm?) (sec)? What volume of a zirconium-tin alloy (density 6.50 g/cm®), con- 
taining 2.5 per cent by weight of tin, would capture neutrons at the same rate? 

6. Determine the rate of gamma-ray energy emission (in Mev per sec per cm’) by the 
steel component referred to in the preceding problem (a) 1 hr, (0) 1 day, after removal 
from the reactor following a long exposure. (Only those isotopic species and radiations 
mentioned in Table 8.13 need be considered.) 

7. Cooling water, containing 5 ppm of sodium by weight, is circulated through a reac- 
tor so that in each cycle the water spends 5 sec in the reactor and 30 min in the external 
heat exchanger, hold-up tanks, etc. If the average thermal flux of the reactor is 10" 
neutrons/(em?) (sec), calculate the equilibrium value, attained after extended operation, 
of the activity of the water leaving the reactor, expressed in curie/cm’, due to sodium-24 
(half life 15 hr). 
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RADIATION PROTECTION ¢ 








RADIATION HAZARDS AND HEALTH PHYSICS 


RADIATION PROBLEMS IN REACTOR DESIGN AND OPERATION 


9.1. Shortly after the discovery of X-rays and of radioactivity, toward the 


end of the nineteenth century, it was recognized that nuclear radiations can 


produce harmful effects on the living organism. Partly as a result of ignorance 
and partly due to accidental circumstances, a number of cases of injury, ranging 
from minor skin lesions to bone sarcoma and untimely deaths, were reported 
among radiologists and others who were exposed to excessive amounts of nuclear 
radiations. It was not until the early 1920s, however, that organized efforts 
were made to recommend safety measures to be used in the manipulation of 
X-rays and radium. About ten years later, maximum permissible levels of 
exposure to radiation were proposed, and their general acceptance led to a 
marked decrease in the incidence of radiation injury. 

9.2. When plans were made to build the first nuclear reactor, it was realized 
that radiation hazards of a hitherto unimagined order of magnitude would be 
involved and that special precautions would have to be taken to protect the 
operating personnel. Consequently there was a great expansion of the field of 
health physics, the basic purpose being to devise methods for the prevention of 
overexposure of personnel to nuclear radiations. The efforts of health physicists 
have been so successful that injuries due to radiation have been virtually non- 


existent, in spite of the very high levels of activity associated with reactor oper= 


ation, the treatment of spent fuel, and the handling of fission products. 
9.3. Radiation exposure may arise from sources external to the body or from 
radioactive material that has entered the body, either by inhalation, by inges- 


* Material contributed by E. E. Anderson, D. M. Davis, 8. Glasstone, K. Z. Morgan, and 


F. Western. 
Reviewed by E. E. Anderson, D. M. Davis, M. F. Fair, K. Z. Morgan, ©. P. Straub, and 


H. P. Yockey. 


+ For reviews see Health Physics Training Lectures, 1948-1949, Report AECU-817; Health 


Physics Insurance Seminar, Report TID-388, 1951; K. Z, Morgan, Reports AWCD-2217 and 
TID-5081, p. 176, 1951, 
5380 
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tion, or by absorption through the skin. Since there is no bodily sensation to 
indicate the presence of nuclear radiation, instruments must be used to deter- 
mine where the hazard exists. If the source of radiation is outside the body, 
the exposure may be reduced by shielding the source, e.g., a reactor, by limiting 
the time of exposure, and by using various types of remote-control devices to 
permit an increase in the distance between the source and the individual. 
Internal exposure may be controlled by rigorous cleanliness, avoidance of direct 
handling of active material, and proper ventilation to prevent inhalation of 
radioactive gases, dust, etc. 

9.4. It is impossible, in spite of adequate shielding, to reduce the intensity of 
neutrons and gamma rays outside the shield to zero during the operation of a 
reactor. Further, maintenance and repair of the reactor and its equipment will 
involve the possibility of exposure to radiation. The coolant will usually have 
some induced activity after passage through the reactor, and, if this is recycled, 
the piping, pumps, tanks, etc., represent sources of radiation exposure for oper- 
ating personnel. Even if the coolant is discharged after a single pass, e.g., air 
or water, its discharge must be controlled in order to avoid the harmful effects 
of radioactivity. 

9.5. The spent fuel elements discharged from a reactor are, of course, highly 
active, and their treatment requires great care. Although they are usually 
allowed to “cool” for several days after their removal from the reactor, the fuel 
elements are still very radioactive when they are dissolved in the chemical 
processing plants. Thus the process solutions represent a serious radiation 
hazard. In addition, as indicated in Chapter VII, the various waste products 
must be disposed of in such a manner as not to jeopardize the health of the 
surrounding population. 

9.6. Apart from the radiation hazards associated with the operation of a 
reactor and the chemical processing plant, it must be remembered that the fuel 
is radioactive, as also is the product, e.g., plutonium-239, of a converter or 
breeder reactor. In addition, precautions must be taken in handling material 
that has been placed in the reactor for irradiation. Dust in a reactor atmosphere 
is likely to have induced activity, as also is the air pushed out by control rods. 
All the foregoing considerations apply to normal reactor plant operation and 
maintenance. There is, however, always the possibility of a major or minor 
accident. Adequate plans for the protection of personnel from radiation injury 
must take such factors into consideration.* 

9.7. It can be seen that the necessity for controlling the radiation hazard, in 
order to protect both operating personnel and those living in surrounding areas, 
places certain restrictions upon the design and operation of a reactor and its 
associated plant. It is in this respect, in particular, that reactor engineering 
differs from other branches of engineering. Some of the special aspects of 


* For a description of the procedures adopted in connection with the unusual accident to 
the Canadian (NRX) reactor, see F, W, Gilbert, Chem, Lng, Prog., 80, 267 (1954). 
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radiation control which must be taken into consideration are summarized 
below.* 

(1) The site selected for a reactor is subject to more stringent requirements 
than is the case for a conventional power plant, because of the possible spread 
of radioactivity in the event of an accident. The A.E.C. Advisory Committee 
on Reactor Safeguards has recommended that the radius in miles of the exclu- 
sion area for a reactor should be at least 0.01 VP, where P is the reactor (heat) 
power in kilowatts. 

Actually the formula given above, based to some extent upon security con- 
siderations, is intended as a guide in determining the exclusion areas for research 
and development reactors, in particular. It may be modified to fit any par- 
ticular situation and there are several factors which might justify a decrease in 
the exclusion area.t One of these is the inherent safety and reliability of the 
reactor, and another is a low fission-product inventory in the core. A third 
factor is the use of special construction that would minimize the spread of © 
radioactivity in the event of an accident. For example, the Submarine Inter- 
mediate Reactor, at the Knolls Atomic Power Laboratory, West Milton, N. Y., 
is located in a large gastight, steel sphere, and the Pressurized Water Reactor, 
at Shippingport, Pa., is in an underground chamber. { 

(2) The size and weight of a reactor are largely determined by the amount of 
shielding necessary to protect operating personnel. For many reactors, such 
as the Experimental Breeder Reactor (EBR), for example, the shielding greatly. 
exceeds the reactor core in both size and weight. This matter could be very 
significant in the design of mobile reactor power plants. 

(3) Consideration must be given to the possibility of leakage of water or air 
with induced activity or of even small amounts of fission products into the 
surrounding plant. This requirement places special restrictions upon the 
design of equipment. 

(4) The operation of the reactor may be limited by the ability to dispose of 
radioactive effluents, notably coolants in single-pass systems. A high-power, 
air-cooled reactor, e.g., located near a populated area, might have to decrease 
its operating power if the meteorological conditions indicated that the air could 
not be discharged from a high stack without representing some degree of radio= 
logical hazard on the ground. Similarly, where water is used as the coolant, it 
is generally stored before discharge to permit appreciable decay of induced 
activities, e.g., due to sodium-24. The available storage space for the water 
may limit the power output of the reactor. ‘ 

(5) As seen in Chapter VII, the design of radiochemical plants for processing 


* For review of administrative problems in radiation protection, see I, R. Tabershaw 
8. J. Harris, Nucleonics, 12, No. 12, 8 (1954). 

+See T. Stern, Chem. Eng. Prog. Symposium Series, No. 11, 50, 178 (1954), 

t For aspects of the problem of reactor location, see L. ©, Widdoes, ibid., No, 11, 50, 1 
(1954); H. Hurwitz, Jr., Nucleonics, 12, No, 3, 57 (1054), i 
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spent fuel must take into consideration the necessity for the cooling period to 
permit decay of the shorter-lived fission products, including iodine-131. In 
addition there are special problems of maintenance, shielding, air filters, stacks, 
etc., determined by the radioactivity of the materials being handled. 

(6) The radioactive nature of the waste materials, especially in processing 
plants, makes the problem of disposal very much more difficult than is the case 
in normal chemical plant operation. 


Hearty Puysics ACTIVITIES 


9.8. The prime function of the health physics organization is, of course, to 
safeguard the health of all individuals whose work is likely to involve some 
exposure to nuclear radiations by taking all steps that are considered necessary 
to minimize such exposure. In addition there is the responsibility of making 
sure that nothing escaping from the nuclear plant, even in the event of an 
accident, would represent a radiological hazard to the population of the sur- 
rounding area. The achievement of these objectives involves a number of 
different activities, which may be considered as falling into two broad categories: 
the first includes advisory and research activities as they affect the over-all 
nuclear energy program, and the second is concerned with the activities of the 
health physics group at a particular plant. These will be considered in turn. 

9.9. In order to establish and maintain quantitative standards of radiation 
protection, health physicists together with radiologists and other scientists are 
members of the International Commission on Radiological Protection and the 
National Committee on Radiation Protection. These bodies recommend 
maximum radiation exposure limits for personnel, maximum permissible con- 
centrations of certain radioisotopes in air and water, and maximum permissible 
amounts of such isotopes that may accumulate in the human body. Such rec- 
ommendations are subject to regular review as increasing knowledge is gained 
of the effects of nuclear radiation on the living organism. 

9.10. Continuous studies are being made of the biological effects of external 
radiation and of the absorption of radioactive materials by the body, so that 
the maximum permissible radiation dosages may be realistic. In other words, 
these dosages should be set at such low levels that daily exposure over many 
years is unlikely to cause any injury. On the other hand, the levels should 
not be so low as to make operation of a plant impossible. With increasing 
knowledge of the effects of radiation on the human body, the maximum permis- 
sible dose may be raised in an emergency or it may have to be lowered for 
regular exposures. 

9,11. Another of the over-all advisory activities of health physicists is in 
connection with the choice of suitable locations for reactors and chemical proc- 
evsing plants. Due consideration is paid to such factors as population density, 
the suitability of the geological formation for underground and surface waste 
disposal, and the effect of local meteorological conditions on the dispersal of 
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airborne radioactivity. Advice is also given concerning the adequacy of shield- 
ing, remote-control handling equipment, filters in stacks, and other devices built 
into the reactor system for the protection of personnel. The design of so-called 
“hot laboratories,” for experimental work with highly radioactive materials, is 
carried out with the advice of health physicists, so as to insure incorporation of 
all features necessary to prevent overexposure of individuals working in such 
laboratories. 

9.12. Turning next to the functions of the health physics organization at a 
particular reactor or processing plant, one of the main responsibilities is con- 
cerned with what is called radiation monitoring; this involves, broadly speaking, 
the determination and recording of radiation dosages and dose rates at numerous 
locations. It will be seen later that the radiation dosage is measured in terms 
of the energy absorbed from the radiation, and the dose rate is the time-rate 
at which such energy is absorbed. In general, the total dose (or dosage) re- 
ceived is the product of the dose rate and the exposure time. 

9.13. For the purpose of determining radiation exposures, radiation detection 
instruments of various kinds must be maintained in good operating condition. 
All persons likely to be exposed to radiation are provided with meters whereby 
the dose received can be measured, and any individual who has received an 
appreciable dose on a given day is notified so that appropriate steps may be 
taken to avoid overexposure. In special cases it may be necessary to measure 
the radioactivity present in the thyroid gland, due to accidental absorption of 
radioiodine, and analysis of urine and feces may be required to find out if certain 
radioactive species are accumulating in the body. 


9.14. All accessible areas around a reactor and its associated equipment and 


laboratories are surveyed at frequent intervals to determine the radioactive 
contamination of surfaces and the amount of activity in the air. As a result of 
such measurements the health physicist may recommend the adoption of suitable 
protective actions. For example, protective clothing may be deemed necessary 
when the contamination is excessive. When appreciable amounts of radioactive 
dust are present in the air, the use of masks may be recommended. In special 
cases additional shielding or the employment of remote-handling devices may 
be required. Advice will also be given concerning the permissible working time 
in an area of unusually high activity. A regular survey must be made of the 
radioactivity of the solid, liquid, or gaseous materials discharged from the plant 
so as to make certain they will not constitute an environmental hazard. 


BIOLOGICAL EFFECTS OF RADIATION 


AcuTr AND CHRONIC ExPposuRE 


9.15. The nature and extent of the injuries caused by radiation depend on 
various circumstances. Considering, first, sources external to the body, the 
exposure may be either acute or chronic. Acule exposure, which refers to the 
receipt of a relatively large dose of radiation within a short interval of time, is 
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highly improbable in A.E.C. projects under ordinary conditions, provided 
reasonable precautions are taken. It could arise through negligence, e.g., as 
a result of an individual walking into a beam of radiation coming through an 
opening in a reactor or by foolhardy actions which are contrary to standard 
operating procedures. A destructive accident, involving the spread of highly 
radioactive material, could also result in an acute overexposure to radiation. 
However, since such incidents have been extremely rare during more than ten 
years of reactor operation, it is not necessary to consider the matter of acute 
exposure in further detail here. Some reference to the probable effects of vari- 
ous acute radiation dosages will be made later (§ 9.78). 

9.16. The term chronic exposure is used to describe the frequent, e.g., daily, 
exposure to relatively low radiation intensities, such as might be experienced in 
various operations connected with nuclear reactors. In general, for the same 
total radiation dosage, chronic exposure has much less serious consequences than 
does acute exposure. Thus a certain dose of radiation received by an individual 
in a few seconds may cause harm, whereas the same dose spread over a period 
of years may produce no noticeable effect. In other words, both the total radia- 
tion dose and the dose rate, i.e., the amount received in a given time, are impor- 
tant in determining the extent of biological damage, if any. The smaller the 
total dose and the dose rate, the less will be the injury. This is because the 
body evidently has certain powers of recovery so that in many cases much of 
the damage is not cumulative over an extended period of time. However, there 
are certain exceptions, notably genetic effects, where the damage is believed to 
be cumulative. 

9.17. Most of the effects of radiation are believed to be of the so-called 
threshold type; that is to say, the dose received must exceed a certain amount 
before any injury occurs. This is in agreement with the fact that all human 
beings are continually exposed to nuclear radiation without any obvious harmful 
consequences. Mention may be made, in this connection, of cosmic rays, of 
radioactive material that is always present in air and water,* and of the radio- 
isotopes carbon-14 and potassium-40 that are present in the body. If the dose 
exceeds the threshold, the damage may be reversible or irreversible; in the 
former case complete recovery of function is possible, whereas in the latter case 
the injury seems to be permanent, e.g., shortening of life span, genetic effects, 
or scar formation. Skin and bone-marrow damage due to low chronic exposure 
to radiation, for example, are reversible to some extent, but damage to brain 
and kidney appears to be largely irreversible. 


PARTIAL AND WHOLE-BODY EXPOSURE 


9.18. The injury caused by radiation depends on the area (or volume) of the 
body which is exposed; in this connection a quantity called the integral dose, 
defined as the product of the dose and the mass of the body receiving that dose, 


*The drinking water in New York City is reported to contain & > 10°! mierocuries (ue) 
of radium per em; in some mineral aprings the amount ia ae high aa 10°" we/om!, 
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is often used. When X-rays or radioisotopes are used for diagnosis or treat- 
ment, limited portions of the body may receive large doses of radiation, so that 
the integral dose is not excessive. This may result in considerable biological 
damage to the irradiated area, but the over-all health of the individual is appar- 
ently not seriously affected. The exposure of the whole body or a large portion 
of the body to the same radiation might well be fatal. In the latter case the 
radiation would, of course, be absorbed by all parts of the body, and many 
organs might be affected in various degrees. 

9.19. Different portions of the body show different sensitivities to radiation. 
Although there are undoubtedly variations of degree among individuals, the 
lymphoid tissue, bone marrow, organs of reproduction, and the gastrointestinal 
tract are among the most radiosensitive tissues. Of intermediate sensitivity are 
the skin, lungs, and liver, whereas the muscles and full-grown bones are the 
least sensitive. 


EFFECTS OF DIFFERENT TYPES OF RADIATION 


9.20. Ultimately, the biological effects of nuclear radiation can be largely 
attributed to ionization which causes the destruction of various molecules, e.g., 
proteins, that play an important part in the functioning of living cells. It might 
therefore appear at first sight that the extent of injury would be determined by 
the amount of ionization produced and, hence, by the energy absorbed from the 
radiation. However, this is only partially true since the specific ionization, i.e., 
the number of ion pairs per centimeter of path (§ 2.27), has a considerable influ- 
ence. ‘ In general, the greater the specific ionization, the greater the damage for 
a given energy absorption. For this reason, if an alpha emitter is taken into 
the body, it produces considerable injury. Not only is the alpha particle re- 
leased inside the body, perhaps within sensitive tissue, but its energy is dissi- 
pated and absorbed within a short distance. Some indication of the relative 
effectiveness of different types of nuclear radiation will be given below (§ 9.57). 

9.21. Although neutrons do not produce ionization directly, they are able to 
cause considerable biological damage as a result of secondary effects. With 
slow neutrons these effects are due almost entirely to the capture of the neutrons 
by hydrogen and nitrogen nuclei. The (n, y) capture of neutrons by hydrogen 
is accompanied by the emission of 2.2-Mev photons, some of which irradiate the 
surrounding tissue whereas some escape from the body. The (n, ~) reaction 
with nitrogen results in the production of protons which, like alpha particles, 
dissipate their energy in short paths of high specific ionization. Slow neutrons 
also undergo reaction with various other nuclei present in tissue, but these are 
believed to be of negligible significance. 

9.22. When the body is exposed to fast neutrons, the particles lose their 
energy mainly as a result of elastic collisions with atoms of hydrogen, oxygen, 
carbon, and nitrogen present in living tissue, the first of these being the most, 
important. In the collision the struck atom acquires kinetic energy which is 
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dissipated by ionization, excitation, and elastic collisions with other atoms. 
Fast neutrons can undergo the (n, p) reaction with nitrogen-14, mentioned 
above, and if the energy is in excess of about 1.5 Mev, the (n, «) process also 
occurs, so that protons and alpha particles, respectively, are produced. In 
addition, for energies less than 10‘ ev, the (n, y) reaction with hydrogen becomes 
noticeable. ‘The recoil atoms and the protons and alpha particles lose their 
energy within a very short distance of the point at which a fast neutron inter- 
acts with a nucleus. However, in considering the volume in which injury due 
to fast neutrons may occur, it should be remembered that such neutrons are 
able to penetrate considerable distances into the body. 

9.23. In referring above to the biological damage caused by alpha particles, 
it was indicated that the alpha emitter must be in the body. Normally, the 
range of these nuclear radiations in tissue is so short that alpha particles of 
energy less than about 7.5 Mev are unable to penetrate the outer protective 
layer of the skin (epidermis). This means that, with only a few rare exceptions, 
radioactive species which emit only alpha particles do not represent an external 
hazard. Although beta particles have a longer range, only the most energetic 
are able to travel more than a few millimeters in tissue. Nevertheless, if close 
to (or on) the skin, beta emitters are capable of producing serious burns. It 
must be remembered, in any event, that both alpha and beta activity is fre- 
quently accompanied by the emission of gamma rays which are able to penetrate 
considerable distances into the body. 


Exposure TO RADIATION ORIGINATING WITHIN THE Bopy 


9.24. There is no reason to suppose that the effects of exposure to radiation 
from radioactive materials within the body will differ from those resulting from 
the same kind of radiation originating outside the body, except for the conse- 
quences of differences in distribution of the radiation dosage. These differ- 
ences are the inevitable result of two factors: (1) the tendency of some chemical 
elements to concentrate in certain types of, cells or tissue, e.g., plutonium and 
strontium are bone seekers, i.e., they tend to concentrate in the bone, and iodine 
is preferentially held in the thyroid gland; and (2) the attenuation of radiation 
from outside the body with depth of penetration into the body tissue. 

9.25. When radioactive material enters the body the emitted radiation is in 
& position to produce greater injury to the body tissues than if the radiation 
arises from an external source. In the first place, exposure to the radiation is 
continuous, subject only to depletion of the quantity of radioactive material in — 
the body by physical (decay) and biological (elimination) processes. Further, 
the body tissues in which the injury occurs are nearer to the source of radiation 
and are not shielded from it by intervening materials. This is of particular 
importance with alpha particles and low-energy beta particles which cannot 
reach sensitive tissues from outside the body, but which may dissipate their 
entire energy within such tissues if the sources are present in the body. 
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GENERAL CHARACTERISTICS OF RADIATION INJURY 


9.26. The observable effects of overexposure to radiation vary widely, de- 
pending upon the circumstances involved and, to some extent, upon individual 
susceptibility. Among the factors which influence the results are magnitude 
and time-distribution of the radiation dose, the geometrical distribution within 
the body, type of radiation, and the age of the individual or the age range 
through which the overexposure occurs. From the experience gained by radiol- 
ogists and others, since the discovery of X-rays and radioactivity toward the 
end of the nineteenth century, it appears that frequent or more or less con- 
tinuous exposure of adults to radiation at average rates more than a hundred 
times as great as that due to cosmic rays and radioactive materials in nature 
(§ 9.17) may be incurred for many years without observable subsequent effects 
on health. However, chronic exposures to radiation at rates several thousand 
times that from natural sources may result in serious injury if continued over 
sufficiently long periods of time. Possible consequences of chronic over- 
exposure are (1) leukopenia, (2) anemia, (3) detrimental changes in tissue 
structure, (4) leukemia, (5) malignant tumors, (6) cataracts, and (7) increase 
in the average rate of genetic mutation.* Observations on small animals also 
suggest the possibility of some reduction in life expectancy without the occur- 
rence of any of these conditions. 

9.27. Acute overexposure of the whole body to penetrating radiation can 
result in latent injury contributing to the probability of the subsequent devel- 
opment of one or more of the effects enumerated above. If the dose received is 
sufficiently large there will be in addition early nausea and vomiting, decrease 
in the formed-element content of the blood, epilation, loss of appetite and gen- 
eral malaise, diarrhea, and emaciation. The most sensitive indication of the 
severity of an acute overexposure of the whole body to radiation is the extent 
to which an early decrease occurs in the number of white blood cells. The 
period of time which may elapse before the initial clinical symptoms develop 
may vary from one or two hours for nausea to two or three weeks for epilation. 


TABLE 9.1, EFFECTS OF WHOLE-BODY OVEREXPOSURES TO RADIATION 


Single Exposure Multiple Exposures Daily Exposures 


Body Reaction (acute) (subacute) (chronic) 
Death see 4K * 
Radiation sickness wheet ** 

Blood changes S£ees ee * 
Tissue reactions ee ek * 
Sterility (early) Trane ** 

Sterility (late) t ee oe 
Leukemia t wae *e 
Genetic changes t + * 


* For a discussion of the last of these effects, seo H, H, Plough, Nucleonics, 10, No, 8, 16 
(1952). : 
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9.28. In Table 9.1 * an attempt is made to compare the reactions resulting 
from three different types of whole-body overexposure, namely, single (acute) 
exposure, multiple (subacute) exposures, and daily (chronic) exposures. The 
number of stars gives a rough indication of the degree, or intensity of each 
particular reaction; the dagger signs indicate that these effects, which are slow 
in developing, would not be evident because of early death. However, if the 
exposed individual survived the chronic overexposure, the reactions would be 
similar to those for subacute overexposures. Partial shielding of the body would 
in general decrease the reactions observed. 


RADIATION DOSE UNITS f 


THE ROENTGEN 


9.29. In order to express radiation dosage in a quantitative manner, it is 
necessary to have a suitable unit. Such a unit should be easily reproducible 
and should be measurable in terms of relatively simple physical quantities. 
Since the purpose of knowing the radiation dose is to provide some indication 
of the possible injury, it would be desirable to have the unit of dosage propor- 
tional to the biological damage produced. However, the factors involved in 
radiation injury are so complex and so little understood, that it has not been 
possible to devise a unit which will satisfy both physical and biological require- 
ments. The units actually used are thus, in a sense, a compromise. 

9.30. As the effect of radiation on the living organism is mainly due to ioniza- 
tion, an important unit is defined with reference to this property of radiation; 
the unit is the roentgen represented by the symbol r. It is defined as ‘that 
quantity of X- or gamma radiation such that the associated corpuscular emis- 
sion per 0.001293 gram of air produces, in air, ions carrying 1 electrostatic unit 
(1 esu) of quantity of electricity of either sign.’”? The mass of air referred to in 
the definition is that of 1 cm® of dry air at 0°C and 760 mm Hg (1 atm) pressure, 
ie,, at standard temperature and pressure (STP). It should be noted that the 
roentgen applies only to X- and gamma radiation in air. The extension of the 
dose unit to other kinds of nuclear radiation will be considered later. 

9.31. In order to appreciate the physical significance of the roentgen, consider 
| cm’ of dry air at STP exposed to X- or gammarays. As a result of the inter- 
wction of the radiation with the oxygen and nitrogen in the air, there will be 
produced a number of Compton recoil electrons, photoelectrons, and positron- 
electron pairs, in various proportions depending on the energy of the radiation 
(wee Chapter IT). These secondary particles, i.e., positive and negative elec- 
(rons, will produce ion-pairs as they travel through the air. When 1 r of X- or 


* "The Inservice Training Course in Radiological Health,” School of Public Health, Uni- 
versity of Michigan, 1951, p. 60 (by T. C. Evans). 

| Mor review see R, D, vans, Nucleonics, 1, No, 2, 82 (1947); also J, H. Lawrence and J. G. 
Hamilton (8da,), “Advances in Biological and Medical Physics,’ Vol, I, Academic Press, Inc., 
1048, pp. 176-189 (by R, D, vans); WH. M, Parker, Radiology, 63, 620 (1054), 
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gamma radiation has been absorbed by the 1 cm? of dry air at STP, the total 
charge on all the ions of either sign produced would amount to 1 esu. 

9.32. It is important to understand that the ion-pairs under consideration are 
not all formed in the 1 cm’ of air. The secondary particles originate in this 
quantity of air, but, since they have a considerable range, the ion-pairs that they 
produce, and which are presumed to be collected, will extend over a much larger 
volume. This fact is of importance in connection with the methods which 
have been devised for measurement of X- and gamma-radiation dosage in 
roentgens. 

9.33. It may be pointed out that the radiation dose expressed -in roentgens 
does not depend on the time during which it is received. The rate of absorp- 
tion (or dosage rate) is stated in terms of roentgens per unit time, e.g., roentgens 
per hour or milliroentgens per hour (r/hr or mr/hr). The integrated product of 
the dosage rate and the exposure time gives the total dose received in roentgens. 

9.34. The dose rate is frequently used as a measure of the radiation intensity 
or flux in a certain region. However, this is justifiable only for gamma rays of 
a specified energy. The radiation intensity is the rate at which the energy 
flows past a unit area at a given location, but the dosage rate in roentgens per 
unit time is a measure of the rate at which energy is absorbed in air at that point. 
Thus the dose rate will be determined by the absorption coefficient of air, and 
this varies with the energy of the radiation (§ 9.44). 


DETERMINATION OF THE ROENTGEN 


9.35. Imagine a large quantity of air exposed to a uniform radiation field, and 
consider a small volume at the center. The secondary particles formed by 
absorption of radiation in the small central volume will produce ion-pairs, many 
of which will be outside this volume. On the other hand, some of the secondary 
particles formed in other parts of the irradiated air will produce ion-pairs within 
the central volume. It can be shown that, provided the total volume of air is 
sufficiently large, the over-all number of ion-pairs formed within the small 
central volume is equal to the number produced by the secondary particles 
resulting from the interaction of the radiation with the air in the central volume, 
Consequently, if the ion-pairs formed in the central volume are collected, the 


total charge of either sign is a measure of the number of roentgens absorbed in — 


that small volume of air. This principle, with some modification, is used in the 
so-called ‘‘free-air” ionization chamber, which is the primary standard for the 
determination of radiation dose in roentgens. 

9.36. The free-air chamber must be so large that all the secondary particles 
formed in the small central volume are completely absorbed, i.e., produce all 
their ion-pairs, within the chamber. Such an instrument is too large for gen- 
eral use, and a modification, which closely approximates its behavior, has been 
developed. Suppose that the small central volume of air remains unaffected 
but that all the surrounding air is compressed by a factor of about 1000, The 
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central volume would then be surrounded by a shell of dense air in which all 
the ionization phenomena would be reproduced on a thousandfold smaller scale. 
The number of ion-pairs formed within the small central volume at normal pres- 
sure would then be exactly the same as before since it would be traversed by the 
same secondary particles from the compressed air as from the free air. 

9.37. The arrangement postulated above is not practical, but the hypotheti- 
cal compressed air may be replaced by a solid having an equivalent absorption 
of X- or gamma radiation. The absorption is largely determined by the atomic 
number, and so the material should consist of elements with atomic numbers 
near 7 or 8, the values for nitrogen and oxygen, respectively. Secondary stand- 
ards for measuring radiation dosage in roentgens are therefore made of approxi- 
mately air-equivalent material, such as Bakelite, Lucite, or other plastic, con- 
sisting largely of carbon and oxygen. Ionization chambers of this type are 
called air-wall chambers; they are also sometimes referred to as thimble chambers 
because of their shape and small size. The response of an actual chamber is, 
to some extent, dependent on the energy of the X- or gamma radiation. An 
instrument of this kind should therefore be calibrated with a free-air chamber if 
it is to be used over a considerable range of energies. 


STANDARD GAMMA-RAY SourcE: THe Rum 


9.38. Most instruments used for radiation measurement, as described in 
Chapter V and also referred to below, neither are of the air-wall type nor do 
they measure. the charge collected, i.e., the ion current, without amplification. 
Consequently if such instruments are to be used for the determination of radia- 
tion doses in roentgens (or dosage rates in roentgens per hour), they must first 
be calibrated. The obvious procedure would be to use a free-air or air-wall 
chamber for the purpose, but this is not convenient. In practice, radiation 
monitoring instruments are calibrated by means of a relatively constant source 
of gamma radiation, e.g., a quantity of radium in equilibrium with its short- 
lived decay products.* The radium is enclosed in a platinum capsule, of either 
0.5 or 1 mm thickness, which absorbs alpha and beta radiations; the gamma- 
radiation dosage rate, at a specified distance, is measured with a standard in- 
strument. The radium can then be used to calibrate other radiation instru- 
ments. 

9.39. The “strength” of a gamma-radiation source for the purpose just 
described is frequently expressed in terms of roentgens per hour at 1 meter 
distance (abbreviated to rhm). Thus 1 rhm is the quantity of a specified 
“umma-ray source that produces a dosage rate of 1 r/hr in air at a distance of 
| meter. Experimental studies have shown that 


* Since it is cheaper, cobalt-60 has been proposed for use as a gamma-ray standard in place 
of radium; however, because of its relatively short half life (6.8 yr), it has not proved to be 
very satisfactory for this purpore, 
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1 gram of radium = 0.84 rhm in 0.5-mm Pt capsule 
ve ~ \0.78 rhm in 1.0-mm Pt capsule. 


For other quantities of radium, the rhm values will be changed in proportion to 
the mass. 

9.40. In using a standard radium source for calibration purposes, the source 
may be placed at any known distance d cm (0.01d meter) from the instrument 
in air. The loss by absorption in this distance is small, and so the decrease in 
the radiation dose rate with distance is inversely proportional to d? (inverse 
square law), as will be seen later (§ 9.46). Hence, 1 gram of radium in a 0.5-mm 
capsule will produce a dose rate of 0.84/(0.01d)? = 8400/d? r/hr at a distance 
dem. Since the dose rate is proportional to the mass of radium, a source con- 
taining m milligrams will give a dose rate of 8400m/d? mr/hr. In general, 
therefore, 

8400 for 0.5-mm Pt 


Dose rate at distancedem _ Km 
7800 for 1.0-mm Pt. 


from m mg radium ~ nit /he, weare 
The gamma-ray dose rate at any known distance from the radium source in air 


can thus be readily calculated and the result used to calibrate monitoring instru- 
ments. 


Tur RoENTGEN AND ENERGY ABSORPTION 


9.41. Since the formation of a single ion-pair in air requires a fairly definite 
average amount of energy, namely, 32.5 ev (§ 2.29), it follows that the roentgen 
is equivalent to the absorption by air of a specific amount of energy. The unit 
electrical charge, i.e., the electronic charge, is 4.80 X 10~° esu, and this is the 
quantity of electricity carried by each member (positive or negative) of an ion- 
pair. Consequently 1/(4.80 X 10-"), ie., 2.08 X 10°, ion-pairs are required to 
give a total charge of 1 esu of either sign. In other words, the absorption of lr 
of gamma radiation in 0.001293 gram of air results in the formation of 2.08 X 10° 
ion-pairs in air. The energy required to produce this number of ion-pairs is 
(32.5) (2.08 X 10°) = 6.77 X 10" ev, ie., 6.77 X 10* Mev or 0.108 erg, and this 
must be the energy absorbed in the 0.001293 gram of air. The energy absorbed 
per gram of air per roentgen is thus 0.108/0.001293 = 83.8 ergs. The energy 
equivalents of the roentgen in a number of energy units are summarized in 
Table 9.2. 


TABLE 9.2. EQUIVALENTS OF ONE ROENTGEN 
OF X- OR GAMMA RADIATION 


1 esu of ion-pairs produced per cm! of air 
2.08 X 10° ion-pairs produced per cmé of air 
1.61 X 10" ion-pairs produced per g of air 
6.77 X 10‘ Mev absorbed per cm! of air 
5.24 < 10’ Mev absorbed per g of air 

83.8 ergs absorbed per g of air, 
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9.42. In view of these calculations the roentgen may be regarded as the dose 
of gamma radiation that would be accompanied by the absorption of 83.8 ergs 
of energy in 1 gram of dry air. However, it should be pointed out that, in 
substances of different atomic number and density, the amount of energy 
absorbed per gram per roentgen is different. Thus, if 1 gram of air were placed 
at a certain location in a gamma-ray field and the energy absorbed were 83.8 
ergs, then 1 gram of soft tissue at the same location would absorb about 93 ergs 
from the radiation, provided the photon energy is not too high. In 1 gram of bone 
the energy absorption would be still larger, e.g., 150 ergs or more. In each case, 
however, the radiation dose would be 1 r. Thus the dose in roentgens, based on 
the definition in § 9.30, i.e., in terms of absorption in air, is independent of the 
medium exposed to the radiation and the amount of energy absorbed by that 
particular medium. 

9.43. The rate of energy absorption in air of gamma radiation is determined 
by the energy-absorption coefficient for that particular energy. This quantity is 
not the same as the total absorption coefficient defined in § 2.60, since the latter 
includes the whole contribution of the Compton effect. Actually, only part of 
the Compton interaction leads to a dissipation of the gamma-ray energy. Con- 
sequently the energy-absorption coefficient is obtained by subtracting the purely 
scattering contribution from the total absorption coefficient. Suppose that at 
a certain location the gamma-ray flux of energy H’ Mev is ¢ photons/(cm?) (sec); 
the radiation intensity, as defined in § 9.34, is then ¢H Mev/(cm?)(sec). If u, 
cm is the energy-absorption coefficient of air for the specified gamma radia- 
tion,* of energy E Mev, then, since the absorption coefficient is equivalent to 
& macroscopic cross section (§ 2.116), it follows that the rate of energy absorp- 
tion in air is $y, Mev/(em?) (sec). 

9.44. According to the data in Table 9.2, the absorption of 6.77 X 104 Mev 
of energy per cm' of air is equivalent to 1 r. Hence, in the case under considera- 
tion, the dose rate is ¢Hu./(6.77 X 104) r/sec; thus, 


ok He 


Gat xX 1017/2 0,441) 


¢ photons/(cm?) (sec) = 


‘This result points up the fact indicated earlier that the dose rate due to gamma 
radiation may vary even though the intensity is constant, if the energy is not 
the same. In equation (9.44.1), the intensity is equal to ¢# but the dose rate 
is proportional to ¢Hy,, and if the energy-absorption coefficient of air varies with 
energy, as it does in fact (Fig. 9.1),t the dose rate may change even though the 
intensity, at different energy values, is constant. By rearranging equation 
(0.44.1), it is readily seen that 


* In the literature this coefficient is often represented by « = o, where p is the total (linear) 
absorption coefficient and o, is the scattering contribution (actually the macroscopic cross sec- 
tion for seattering). 

| W. 8. Snyder and J, L, Powell, Report ABCD-2780, 
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4 
1r/sec = se ris hotons/ (cm?) (sec) 


or, in terms of more convenient units, 
0.0188 





1 mr/hr = photons/(cm?) (sec). (9.44.2) 


Eu. 


10-3 


T, CM" 


> 5x10-4 


10-4 


5x 1075 





ENERGY ABSORPTION COEFFICIEN 


10-5 
0.04 0.05 0.4 0.5 1.0 5.0 10 
GAMMA-RAY ENERGY, MEV 


Fig. 9.1. Variation of energy-absorption coefficient of air with gamma-ray energy 
(W. S. Snyder and J. L. Powell) 


Dosrz Rate AND RADIOACTIVE SouRCcE STRENGTH 


9.45. An aspect of the relationship between the strength of a source of gamma 
radiation and the dose rate at a specified distance was given in § 9.40, and a more 
general treatment is of interest. Consider a radioactive point source having a 
strength of C' curies (see § 2.14, et seg.), So that it decays at the rate of 3.7 X 10°C 
dis/sec. It will be postulated that one gamma-ray photon of energy Mev 
is produced in each act of nuclear disintegration, so that the source yields 
3.7 X 10°C photons/sec. If the radiation from the point source is emitted 
uniformly in all directions, then at a distance d cm from the source, the photons 
will be distributed uniformly over the surface of a sphere of area 4rd? cm? (Fig. 
9.2). Neglecting the absorption of radiation in the short distance (less than a 
few meters) from the source to the point of observation (§ 9.40), the gamma-ray 
flux at the distance d from the unshielded source is 3.7 * 10°C/4md? photons/ 
(em2)(sec). Upon combining this result with equation (9.44.2), it is found that 


Dose rate at distance d cm be 3.7 K 10°CEu, 
from C curie source 4nd? K 0.0188 


= 1.56 x 10" ZH mr/hr, (9.45.1) 
the energy 7 being in Mev, 
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9.46. It will be observed that according to this equation the dose rate at a 
given distance is inversely proportional to the square of the distance, and so 
it is an expression of the inverse 
square law referred to earlier. Its 
basis, as may be seen from Fig. 9.2, 
is the fact that with increasing dis- 
tance from the source the same num- . 
ber of photons (apart from a negligible 
amount of absorption) are spread over 
a surface which increases in area with 
the square of the distance. It is this 
circumstance which makes apprecia- 
ble separation from a _ radioactive 
source an important factor in radiation 
protection. 

9.47. An examination of Fig. 9.1 
shows that ee considerable range Fic. 9.2. Inverse-square law of radiation 
of photon energies, e.g., from 0.07 to attenuation 
2 Mev, the energy-absorption coeffi- 
cient for air varies only between 3.0 X 10- to 3.7 X 10->em—. For an approx- 
imate treatment, », may therefore be taken to have a constant value of 3.35 X 
10° cm—; in these circumstances equation (9.45.1) becomes 





Dose rate at distance d cm 


CE 
= 6 
from C' curie source 5.2 X 10 @é mr/hr. (9.47.1.) 


It should be pointed out that the use of a constant value for u, makes the dose 
rate proportional to the radiation intensity. Since pu, actually varies with the 
photon energy, this result is not exact; however, it is accurate, in the present 
circumstances, to within +10 per cent. 

9.48. A simple and useful form of equation (9.47.1) is obtained if the distance 
from the source to the observation point is expressed in feet; if this distance is f 
ft, then, since 1 ft = 30.5 em, it is found that 


Dose rate at distance f ft _ 6 X 10° CE jail 
from C curie source f? 


~ ou r/hbr. 


It, follows from this result that at a distance of 1 ft from a point gamma-ray 
nouree of strength C curies the dosage rate is approximately 6CE r/hr. 

9.49, The foregoing expressions apply to an unshielded source, but if an ab- 
sorbing material of thickness « em and (total) absorption coefficient of u cm! 
is placed between the source and the point at which the dose rate is being cal- 
culated, the general equation (9.47.1) becomes 
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Dose rate at distance d cm from C curie CE 

source with x em absorber sh eae @ ° maar, eet) 
where the exponential factor on the right allows for absorption of the gamma 
radiation (§ 2.60). 

9.50. If the postulate made above that every disintegration is accompanied 
by one photon is not correct, the equations must be modified accordingly. In 
the general case, which includes mixtures of radioactive species, CE is replaced 
by the sum of a number of CE terms, where ¥ is the fraction of disintegrations 
(accompanied by gamma rays of energy Z) of the species of strength C' curies. 
For a radium source, in equilibrium with its decay products of short life, in a 
platinum capsule of wall-thickness x cm, the use of the appropriate values of 
y and E would make equation (9.49.1) take the form* 


Dose rate at distance d cm from C curies sce 
of radium in x em Pt capsule AO a /br, 


where 1.9 cm— is the absorption coefficient of platinum for the gamma rays 
from radium. Upon taking into account the fact that 1 gram of radium has a 
strength of 1 curie, it can be readily shown that this result reduces to the ex- 
pression in § 9.40 for the dose rate from m mg of radium. 

9.51. Strictly speaking, the factor e~” should include an allowance for ab- 
sorption of gamma radiation in the d cm of air separating the source from the 
observation point; however, » for air is of the order of 10-* em™ (see Fig. 2.10), 
and so, for distances up to a few meters, e~“” is so close to unity that absorption 
by the air may be neglected. 


Example <A block of metallic cobalt, weighing 1 Ib (450 g), contains 0.015 per cent of 
radioactive cobalt-60, as the result of neutron capture in a reactor. Calculate the dose 
rate that would be received at a distance of 1 yd (91.5 cm) in air. What thickness of 
lead would have to be interposed to reduce this to 7.5 mr/hr? 

According to equation (2.15.3), 


_ 113 X 10% 
.- Aty 


where g is the mass of cobalt-60 in grams, i.e., (450)(0.015 X 10-*) = 0.0675 g; A is 
the atomic weight of the isotope, i.e., 60; and ¢; is its half life (5.3 yr) in seconds, i.e., 
1.7 X 108 sec. Upon substituting these values, it is found that the strength of the cobalt 
source is 75 curies. 

In its radioactive decay, cobalt-60 emits two gamma-ray photons, with energies 1.16 
and 1.32 Mev, respectively, in each disintegration. Hence, in the present case, H is 
2.48 Mev. With these values for C and £, and setting d equal to 91.5 cm, equation 
(9.47.1) gives the required dose rate as 1.15 & 10° mr/hr or 115 r/hr. 

To determine the thickness of lead required to reduce the dose rate to 7.5 mr/hr, use 
is made of equation (2.60.2), with Jo = 1.15 X 10° and J, = 7.5, It can be seen from 
Table 2.4 that » for lead for gamma rays with energies 1.16 and 1.32 Mev is about 
0.75 cm. Hence, 


*K, Z, Morgan, unpublished, 
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7.5 = 1.15 X 10%, 
so that x, the thickness of lead, is found to be about 13 cm (5.1 in.). 


9.52. In deriving the equations relating the dose rate to the source strength, 
the source has been regarded as a point; in other words, it has been assumed 
that its size is small in comparison with the distance separating it from the posi- 
tion where the dose rate is to be estimated. In many instances, however, the 
source may be a relatively large sphere, a parallelepiped, a disk, or other shape 
that cannot be treated as a point. The equations which permit dose rates from 
a point source to be converted into the values to be expected from sources of 
other forms will be given in Chapter X. 


Tue Rem, Rap, anpD REP 


9.53. As stated above, the roentgen applies strictly to X- and gamma-ray 
dosages, but, in view of the similar biological effects of other radiations, it is 
necessary to have a dosage unit which can be used for all types of nuclear radia- 
tion. One such unit is the rep (roentgen equivalent physical), originally defined 
as the dose of any nuclear (or ionizing) radiation that results in the absorption 
of 83 ergs/gram of tissue. In order to make the rep more nearly equivalent to 
the roentgen, for measuring the dose of X- or gamma radiation absorbed in soft 
tissue, the rep has been used in recent years to denote a dose of 93 ergs absorbed 
per gram of tissue. It should be noted, however, that the equivalence is not 
exact throughout the soft tissues of the body, particularly for X- or gamma 
radiation of very high energy, and fails completely for absorption in bone. 

9.54. In 1953 the International Commission on Radiological Units adopted a 
new unit of absorbed radiation dose, called the rad,* which is expected to super- 
sede the rep in due course. The rad represents 100 ergs/gram, imparted by 
ionizing particles to the irradiated material at the point of interest. Essentially 
the rad differs from the rep in the respect that it does not prescribe the material 
in which the energy is absorbed, in addition to being somewhat different in mag- 
nitude.t Further, the name rad does not imply any relationship to the roentgen, 
as does the rep. 

9.55. Although all ionizing radiations are capable of producing the same kinds 
of biological effects, the absorbed dose (measured in reps or rads) which will 
produce a particular effect may vary considerably from one radiation to another. 
In general, those particles which cause higher specific ionizations along their 
paths are those having the greater biological effectiveness. For various reasons 
it is convenient to compare the biological effectiveness of ionizing radiations with 
that of X-rays of 200-kev energy. On this basis, a quantity called the relative 
biological effectiveness (or RBE) is defined by 


* See Nucleonica, 12, No, 1, 11 (1954). 
| Por soft Haeue the rep and the rad differ by a few per cent only, so that they may then be 
tuken to be essentially equal, 
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RBE = Physical dose of 200-kv X-rays to produce effect of interest, 


Physical dose of comparison radiation to produce same effect 


The value of the RBE for a particular radiation may depend upon several fac- 
tors, e.g., the kind and degree of the biological effect, the nature of the organism 
or tissue, and the rate at which the dose is delivered. 

9.56. It is evident that the rep and the rad, being simply indications of the 
amount of energy absorbed from the radiation, irrespective of the nature of the 
latter, do not provide an adequate measure of the resulting biological injury, 
since they do not take into account the relative effectiveness of the radiations. 
In an attempt to devise a unit which would provide a better criterion of biological 
injury when applied to different radiations, the rem (roentgen equivalent man) 
has been introduced. The rem is now defined by the relationship 


Dose in rems = RBE X Dose in rads. 


9.57. Since, as stated above, the actual value of the RBE depends upon vari- 
ous circumstances, it is apparent that the equivalence implied by the term rem 
will apply only toward the production of the specific effect and under the condi- 
tions for which the particular RBE was determined. However, for purposes of 
radiation protection, it has become the practice to use a single value of the RBE 
for different effects of a particular kind of radiation, based on that effect for which 
the RBE is believed to be highest. The data in Table 9.3, except for thermal 
neutrons, are taken from the provisional recommendations made in 1954 by the 
International Commission on Radiological Protection (cf. § 9.9) for radiations 
of interest in nuclear reactor operation. The effects considered to be critical in 
the determination of the various RBE values are given in each case. 


TABLE 9.3. RECOMMENDED VALUES OF RELATIVE BIOLOGICAL EFFECTIVENESS 


Radiation RBE Biological Effect 
X-rays, gamma rays, beta particles, and 1 Whole body irradiation (blood-forming 
electrons of all energies organs critical) 
Fast neutrons and protons up to 10 Mev 10 Whole body irradiation (cataract forma- 
tion critical) 
Thermal neutrons SAT nce Sead Dewad eles de El ee Oe Se 
Naturally occurring alpha particles 10 Carcinogenesis outside skeletont 


*The RBE value quoted, estimated from the calculations of W. S. Snyder (Nucleonics, 6, 
No. 2, 46 (1950)), is uncertain, because the biological effects produced by thermal neutrons 
depend on the variable amounts of energy expended in tissue by the gamma rays and protons 
arising from their capture (§ 9.21). The critical effect is probably cataract formation. 

} For carcinogenesis of the skeleton, alpha-emitting isotopes are compared with radiume 
226, on the basis that the maximum permissible amount of radium in the skeleton is 0,1 micro+ 
curie, 
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9.58. Since 1 rem of one kind of radiation will (conventionally, at least) pro- 
duce the same biological damage to a given tissue as 1 rem of any other kind, 
doses of different radiations when measured in rems are additive. This is not 
true, of course, from the biological standpoint, for doses expressed in reps or 
rads. However, by making use of the accepted RBE values the measured doses 
of different radiations expressed in roentgens or rads can be converted into rems 
and then added. 


Example An individual receives, in the course of a week, a dose of 0.1 r (or 0.1 rad) of 
gamma radiation and 0.02 rad of fast neutrons. Determine the total dose received in 
rems. 

For gamma rays the RBE is 1, and so 0.1 rad is equivalent to 0.1 rem. For fast neu- 
trons the RBE is 10, so that the dose of 0.02 rad is equivalent to (10)(0.02) = 0.2 rem. 
The total dose received is thus 0.1 + 0.2 = 0.3 rem. 


STANDARDS OF BIOLOGICAL PROTECTION 


Maximum PeErMIssIBLE Exposure: ExtTeERNAL SourcEs* 


9.59. For the protection of persons whose work renders them liable to radia- 
tion exposure, certain dosage maxima have been recommended. On the basis 
of information obtained from radiologists, X-ray technicians, etc., from the bio- 
logical damage caused by radium, from animal experiments, and from the natu- 
rally occurring radiation in the body and in air and water, the International 
Commission on Radiological Protection recommended that the maximum per- 
missible exposure (or MPE) can be set at a dose of 0.3 rem/week, i.e., 300 
mrem/week, over the whole body.f This means that, as far as present knowl- 
edge goes, a person receiving 300 mrem/week over the whole body for a period 
of years will not suffer any detectable injury.{ If the radiation exposure is 
restricted to certain parts of the body, such as the skin, for which the recovery 
is rapid, the MPE may be safely increased above 300 mrem/week. It should 


TABLE 9.4, TOTAL MAXIMUM PERMISSIBLE EXPOSURE TO EXTERNAL SOURCES OF RADIATION 








mrad /week 
Radiation mr/week mrem/week mrep/week (in tissue) 
X or gamma 300 300 300 300 
Leta particles _ 300 300 300 
‘Thermal neutrons _ 300 -100 ~100 
ast neutrons _ 300 30 30 
* For a complete review, see National Bureau of Standards Handbook 59, U. 8. Government 


Printing Office, 1954, 

} Nucleonics, 8, No. 1, 82 (1951), 

{The great majority (about 95 per cent) of persons employed in A.E.C. projects receive 
low than 19 per cent of the MPE, according to hoalth physics records of recent years, 
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be noted that the MPE given here applies to radiation from external sources; 
the problem of radioactive material within the body will be considered later. 

9.60. The MPE is stated in terms of rems in order to allow for exposure to 
various types of ionizing radiations. Bearing in mind the relationship between 
the rem and the rep, the definition of the rad, and the RBE values for different 
radiations, Table 9.4 has been compiled. In view of the essential equivalence 
of the rad in tissue with the rep, the numbers in the last two columns are the 
same. If the exposure to ionizing radiations is restricted to the hands and fore- 
arms, e.g., in operations involving the handling of a beta emitter, the MPE may 
be increased by a factor of 5, i.e., to 1.5 rem/week. 


MaximuM PERMISSIBLE RADIATION FLUXES 


Gamma-ray Flux 


9.61. The flux of gamma-ray photons which would correspond to the maxi- 
mum permissible exposure can be obtained very simply from equations already 
derived. If, as in § 9.47, the energy-absorption coefficient (u.) for air is taken 
to have the constant value of 3.35 X 10-° cm in the energy range from 0.07 
to 2 Mev, which is correct within about 10 per cent, it is found from equation 
(9.44.2) that 


2 
1 mr/hr = 25 210 x ou 


photons/(cm?) (sec). 

The MPE for gamma radiation is 300 mr/week and so, assuming a working 
week of five 8-hr days, the MPE is equivalent to a dose rate of 300 mr/40 hr, 
i.e., 7.5 mr/hr. It follows, therefore, that, to a fair approximation, 


MPE = - photons/(cm?) (sec). 


Thus a gamma-radiation flux of about 4000 photons/(cm?)(sec) of energy of 1 
Mey, or of 2000 photons/(em?)(sec) of energy of 2 Mev, would provide the maxi- 
mum permissible continuous exposure for each 8-hr day of a 5-day working week. 
For longer exposure periods the radiation flux corresponding to the MPE must 
be decreased proportionately. 


Fast-neutron Flux 


9.62. The evaluation of the maximum permissible flux of fast neutrons is 
based on the view that the biological damage is due essentially to the ionization 
caused by recoil protons (hydrogen nuclei) in animal tissues (§ 9.22). If N is 
the number of hydrogen atoms/cm‘ in tissue and a is the scattering cross section 
for fast neutrons of a specified energy, the rate of formation of recoils for first 
collisions of the incident neutrons is No protons/(cm*) (sec), where @ neutrons/ 
(em2)(sec) is the incident fast flux. On the average, a neutron loses half its 








9.64] RADIATION PROTECTION 551 


energy in a collision with a hydrogen nucleus.* Therefore the recoil protons 
from the first collisions dissipate energy at the rate of }Na¢dH Mev/(cm?)(sec), 
where F is the neutron energy in Mev. 

9.63. The absorption of 100 ergs, i.e., 6.2 X 10’ Mev, per gram of tissue is 
equivalent to an exposure of 1 rad; hence, it can be readily seen that 


NooE 


(26.2 X 10% TBd/sec 


¢ fast neutrons/(cm?)(sec) = 
or 


1 mrad/hr = rae fast neutrons/(cm?) (sec), 


where N is now the number of hydrogen nuclei (or atoms) per gram of tissue, 
i.e., about 6.0 X 10”. The RBE of fast neutrons is taken as 10 (Table 9.3) so 
that 1 rad is equivalent to 10 rem; consequently, 


1 mrem/br = a fast neutrons/(cm?) (sec). 


Using the MPE of 300 mrem/40 hr, i.e., 7.5 mrem/hr, and inserting the value 
given above for N, the result is 


_ 3.6 X 10-* 


MPE oH 


fast neutrons/(cm?) (sec). 
For neutrons of 2 Mev energy, o is 3 X 10~“ cm? per nucleus, and so the maxi- 
mum fast-neutron flux, on the basis of this calculation, is roughly 66 neutrons/ 
(em?) (sec) for exposures averaging 40 hr/week. 

9.64. As a result of more detailed calculations, taking into account the suc- 
cessive collisions the neutron may experience in the body, the effects of recoil 
nuclei other than protons, and other reactions, the (rounded) values recorded 


in Table 9.5 have been obtained for the maximum permissible flux of fast neu- 
trons of several energies, assuming an exposure of 40 hr/week. f 


TABLE 9.5. MAXIMUM PERMISSIBLE AVERAGE FAST-NEUTRON FLUX 
BASED ON 40 HR/WEEK EXPOSURE 


Neutron Flux Neutron Flux 
Energy (Mev) n/(cm?) (sec) Energy (Mev) n/(cm?)(sec) 
WO ease pte tarehep it 30 shod aie ie iiss yess 60 
Bich wok epemescd 30 ae 80 
Biss) gxssarhivcyune: € 30 Oe ss Sone bene 200 
Bis) anaaleaes 40 Oa sia’. s 3 spate 1000 


* The fraction used here is the arithmetic mean energy loss per collision. Since it is larger 
than the geometric mean of 1/e (§ 3.61), the final result will be a somewhat lower maximum 
permissible flux. 

+ Cf. W. 8. Snyder and J, Neufeld, Report ORNL-1872; to be published in Brit, Jour, 
Radiology, 1955, 
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Thermal-neutron Flux 

9.65. The biological effect of slow (thermal) neutrons in body tissue may be 
attributed essentially to the 2.2-Mev gamma rays accompanying the (n, 7) cap- 
ture of neutrons by hydrogen and to the 0.57-Mev protons liberated in the 
(n, p) reaction with nitrogen. Although the reaction with hydrogen accounts 
for most of the energy released, it is the reaction with nitrogen that is responsible 
for the greater biological effect at the depth of tissue at which the absorbed dose 
isa maximum. This is the result of two circumstances: (1) the energy of a pro- 
ton is absorbed very close to the point at which it is produced, whereas much 
of the gamma radiation is either absorbed at a considerable distance from its 
point of origin or it escapes from the body without absorption; and (2) the RBE 
of the protons is considered to be roughly ten times that of the gamma radiation 

9.3). cae # 

Ot Dao of the incident flux of thermal neutrons to the distribution 
of thermal-neutron interactions within the body and that of the gamma radia- 
tion resulting from the interaction with hydrogen is too complex to permit of 
a valid approximation to the maximum permissible thermal-neutron flux being 
made by elementary methods of calculation.* The provisional value recom- 
mended in 1954 by the International Commission on Radiological Protection 
is an average of 2000 thermal neutrons/(cm?)(sec) based on an exposure of 40 


hr/week. 


SUMMARY 


9.67. From the standpoint of the design of shields for nuclear reactors, the 
important radiations are gamma rays, fast neutrons, and thermal neutrons, 
which have been discussed above. The recommended average values for the 
maximum permissible fluxes of these radiations, assuming an external exposure 
of 40 hr/week, are summarized in Table 9.6. The value for beta particles, 
although of lesser significance, is included for the sake of completeness. Alpha 
particles are omitted since they are not a serious hazard outside the body. 


TABLE 9.6. MAXIMUM PERMISSIBLE AVERAGE FLUXES OF EXTERNAL 
NUCLEAR RADIATIONS IN 40-HR/WEEK EXPOSURE 


Radiation Energy Flux 
Gamma rays 1 Mev 4000 photons/ (em?) (sec) 
Beta particles 1 Mev 94 particles/(cm?) (sec) 
Thermal neutrons 0.025 ev 2000 neutrons/(cm*) (sec) 
Fast neutrons 2 Mev* 40 neutrons/(cm*) (sec) 


* For other energies see Table 9.5. 


* Cf, W. 8. Snyder, Nucleonics, 6, No. 2, 46 (1950). 
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MaximuM PERMISSIBLE CONCENTRATIONS: INTERNAL SourcrEs 


9.68. Since the radiation dose received from a particular radioactive material 
in the body is proportional to the quantity of that material present, excessive 
exposure to radiation from internal sources is avoided by limiting the body 
content of the material. This is achieved by restricting the rate at which the 
material enters the body. In many instances intake into the body results pri- 
marily from the occurrence of the radioactive material in the air (or water) 
supply. It is then desirable to know the maximum average concentration of 
the active species which may be permitted in the air (or water) without eventu- 
ally resulting in excessive accumulation of the material in the body. 

9.69. Maximum safe average body contents of most radioisotopes are not 
known, since there is insufficient direct experience for establishing levels at which 
individual isotopes, except possibly radium and radioiodine, begin to cause injury 
to human beings. For most of the radioactive materials which, like radium, 
accumulate in the skeleton, maximum safe levels for the human body are esti- 
mated, directly or indirectly, from comparative experimental studies with other 
species of mammals. For radioisotopes which concentrate in body organs or 
tissues other than the skeleton, it is assumed that the body content should not 
exceed the lowest level which will result in an average dose rate at some part 
of the body of 0.3 rem/week (cf. § 9.59).* 

9.70. It may be observed that, on the basis of this criterion, if most of a par- 
ticular radioisotope is fairly uniformly distributed in a single organ or tissue, the 
maximum permissible body content is inversely proportional to the mass of that 
organ or tissue. For example, since most of the iodine in the body is concen- 
trated in the thyroid gland, the average total activity of iodine-131 permitted 
is much less than that of sodium-24 which is distributed throughout the body. 
This is the case in spite of the fact that the average energy of the radiation from 
iodine-131 is less than that from sodium-24. 

9.71. The quantity of an active material remaining in the body after its entry 
is dependent upon its radioactive half life and also upon its biological half life; 
the latter is the time taken for the amount of the element in a particular body 
tissue to decrease to half of its initial value due to elimination by natural proc- 
esses. Combination of the radioactive and biological half lives gives rise to the 
«ffective half life, which is the time required for the amount of a specified radio- 
isotope to decrease to half the original value as a result of both radioactive decay 
and natural elimination. It is understood, of course, that there is no replenish- 
ment of the isotope from any source during the time under consideration. In 


* From the standpoint of radiation protection this criterion is regarded as being conservative 
‘There is no reason to expect greater injury to the body from irradiation of a limited portion 
(han from irradiation of the whole body at the same rate of 0.3 rem per week, and in many 
ues the portion of the body involved could safely be irradiated at higher average rates. How- 
over, it is generally not possible or practical to make such distinetions, 
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the simplest case, the effective half life in the body as a whole is essentially that 
in the principal tissue in which the material concentrates. 

9.72. The maximum safe average rate of entry into the body of a given radio- 
isotope is determined by (1) initial retention and distribution in the body, (2) 
maximum safe average body content, and (8) effective half life. These three 
factors are not simple ones, since each in turn is dependent upon two or more 
other factors. Initial retention, for example, is not only related to the bio- 
chemical properties of the chemical element (or, in some cases, the chemical 
compound), but also to the mode of intake into the body. Thus, nearly all of 
the iodine entering the digestive tract may be initially retained in the body, 
whereas only about 0.01 per cent of ingested plutonium is retained. On the 
other hand, it is estimated that as much as 20 per cent of soluble plutonium 
entering the respiratory system may reach the circulatory system. 

9.73. If other factors are more or less the same, the rate of intake into the 
body which will eventually result in a maximum permissible body content is 
inversely proportional to the effective half life of the radioisotope in the critical 
organ or tissue. If either the radioactive half life of the given isotope or the 
biological half life of the element in the tissue is very short compared to the 
other, the effective half life is approximately equal to the shorter of the two, 
since this essentially determines the rate of loss of the particular material from 
the tissue. 

9.74. Of the radioactive species involved in reactor operations or in the proc- 
essing of reactor fuels, plutonium-239, natural uranium (and its isotopes), natu- 
ral thorium, strontium-90, and iodine-131 have low maximum permissible aver- 
age concentrations, as measured in activity per unit volume, in air breathed by 
human beings. This is because of the importance of one or more of the three 
factors mentioned in § 9.72. In the case of plutonium-239, all three factors con- 
tribute to limiting the maximum permissible concentration in air to an extremely 


TABLE 9.7. MAXIMUM PERMISSIBLE CONCENTRATIONS IN WATER AND AIR 














MPC, uc/em? 
Critical 
Substance Radiations Organ In Water In Air 
Natural uranium (sol.) a Kidneys 7X 10% 17x 10% 
Natural uranium (insol.) a Lungs —_ 1.7 X 107% 
Uranium-233 (sol.) a Bone 1.5 X 10-4 1 x 107” 
Uranium-233 (insol.) a Lungs —_ 1.6 X 1074 
Plutonium-239 (sol.) a Bone 1.5 xX 10° 2 x 107% 
Plutonium-239 (insol.) a Lungs — 2 X 1074 
Todine-131* B and y Thyroid 6 x 10°5 6 xX 107° 
Strontium-90 + Yttrium-90 B Bone 8 x 10°? 2 x 107 
Strontium-89 B Bone 7: ¥1078 2x 10" 


* Recommendations of International Commission on Radiplogical Protection, 1054, 
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small value. However, because of its low uptake from the digestive tract, the 
maximum permissible concentration of plutonium-239 in water is about (aise 
as great as that of strontium-90. 

: 9.75. Some of the values of the maximum permissible concentrations (MPC) 
in air and water, for a few of the radioisotopes of special interest in reactor op- 
erations, are given in Table 9.7, the MPCs being expressed in microcuries per 
cubic centimeter (uc/em?).* 


Acute Rapration Dosages: ACCIDENTAL AND EMERGENCY Exposures 


9.76. The maximum permissible average rates of exposure to radiation dis- 
cussed in preceding sections apply to chronic radiation exposures continued over 
periods of many years. In the event of an accident or of an emergency involving 
unplanned conditions, persons may incur, knowingly or otherwise, large acute 
doses of radiation. In this connection, consideration has been given to the pos- 
sibility of setting a maximum permissible dose for acute exposure under emer- 
gency conditions. However, it is generally agreed that no such limit, having 
real significance, can be established. 

9.77. The fundamental basis of the concept of an emergency dose is that in 
special circumstances an individual might accept the risk of possible or certain 
injury from an acute radiation exposure. However, not only is the risk that 
would be acceptable dependent upon the degree of the emergency, but there are 
no grounds for correlating the magnitude of the risk and the character of the 
emergency. Further, in those phases of emergencies in which immediate action 
is required to avert serious or catastrophic results, it would rarely be possible 


TABLE 9.8. PROBABLE EARLY EFFECTS OF ACUTE RADIATION EXPOSURES 
OVER WHOLE BODY 


Acute Dose Probable Effect 
0 to 25r No detectable clinical effects. 

25 to 50r Possible blood changes but no other clinically detectable effects. 

50 to 100 r Nausea and fatigue, blood-cell changes, and some injury, but no disability. 
100 to 200 r Nausea, vomiting, fatigue, and reduced vitality; depression of nearly all 

blood elements. (Recovery in nearly all cases within 3 to 6 months. ) 

200 to 400 r Same as above, with immediate disability; some deaths within 2 to 6 weeks. 
100 r Fatal to 50 per cent. 


(00 r or more Fatal to nearly all within 2 weeks. 


* MPC values for many other radioisoto i i 
" pes that may be encountered in var 
of the atomic energy field; recommended by the National Committee on Radiation Peelian, 
aro given in National Bureau of Standards Handbook 52, U. 8. Government Printing Office, 
enna ce oo Se a of the considerations upon which the recom- 
, ‘ox are based, See also, K, Z, Morgan, Report TID-5081, p, ;K,Z 
nod M, R, Mord, Nucleonios, 12, No. 6, 82 (1964), . thal ll et a 
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to predict (or measure) in advance the radiation dose that might be received 
as a result of such action. 

9.78. There are, however, situations in which it is desirable to estimate the 
probable results of acute doses of radiation, ranging from a few roentgens to 
several hundred roentgens (or their equivalent), received over a short period of 
time. Such estimates, which are summarized in Table 9.8, are based upon 
limited data and must be regarded as giving only an approximate indication of 
the early effects of whole body exposure for average persons. Other aspects of 
radiation injury resulting from acute overexposures were mentioned in § 9.26. 


PROTECTION OF PERSONNEL* 


REMOTE CONTROL 


9.79. The protection of personnel from radiation requires the design of suitable — 
shielding for the reactor and for all vessels, piping, pumps, ete., which contain — 
or carry radioactive material. In addition, measures must be taken to prevent 
exposure to the radiations from spent fuel elements after removal from the re- 
actor. Some aspects of the shielding problem will be considered in the next 
chapter, but, in general, it may be stated that adequate shielding requires the 
use of considerable thicknesses of material, e.g., several feet of concrete or of 
water. This means that many phases of operation, instrumentation, mainte- 
nance, etc., must be performed by remote control, as indicated in Chapter VII 
in connection with chemical processing plants. A great deal of work has been, 
and is being, done on the development of remote-control devices for the handling 
of radioactive material both in the laboratory and in the plant. The situation 
may become particularly acute in connection with the operation of power re- 
actors; for it may then be necessary to discharge and recharge the fuel without 
shutting the reactor down. 

9.80. Remote-control operation, in general, involves the use of established 
mechanical and electrical principles, but the problems are somewhat novel in 
character, and, consequently, they represent a challenge to the engineer whose 
interest lies in this direction. At the Argonne National Laboratory a Remote 
Control Engineering Division was established in 1947,} and similar groups exist 
at other A.E.C. contractor installations. t 


Sarety MEASURES 


9.81. Shielding for a reactor and related equipment is constructed so that op- 
erating personnel normally receive considerably less than the maximum radif« 


* K. Z. Morgan, Chem. Eng. News, 25, 3794 (1947) ; Eng. J. (Canada), 31, 154 (1948); “Medical 
Physics,” Yearbook Publishers, Inc., 1950, Vol. II, p. 766; G. W. Morgan, N-ucleonics, 4, No, 8, 
24 (1949); J. M. Smith, Jr., ibid., 11, No. 6, 41 (1953). 

t Nucleonies, 10, No. 11, 33-51 (1952). 

{ See series of papers in Proc. Conf. on Nucl, Hng., Berkeley, 1953, Section G. 
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tion dose of 60 mrem/working day, i.e., 300 mrem/5-day week. Nevertheless, 
there is a possibility of leakage, especially of neutrons, through cracks or other 
openings, particularly if the shield has removable sections. A thorough survey 
of the entire shield should thus be undertaken as a reactor is brought up to full 
power for the first time. If radiation leaks are found, steps should be taken to 
repair them or to restrict access to the danger area. 

9.82. It is very improbable that personnel connected with reactor and asso- 
ciated operations will receive an excessive dose from the radiation that penetrates 
the shielding. However, there are various maintenance activities, both rou- 
tine and emergency, which may require the handling of radioactive materials.* 
In such cases some protection may perhaps be attainable by the use of temporary 
or mobile shielding or, if possible, by performing the operation at a distance with 
the aid of suitable tools. _All work in a hazardous area must be carried out in 
cooperation with a radiation surveyor who will determine, from the observed 
dosage rate, the maximum permissible exposure time. 

9.83. Access to and egress from an area where there is a possibility of radio- 
active contamination being present should be by definite routes to prevent spread 
of the contamination. Personnel entering the area are supplied with expendable 
clothing, gloves, and shoe covers; these are left at the prescribed exit for de- 
contamination or disposal, according to circumstances. Before being dismissed, 
each worker is subjected to careful monitoring (§ 9.119). 

9.84. Special precautions must be taken to prevent radioactive material from 
entering the body. Strict personal hygiene must be practiced in areas where 
there may be contamination, and there should be no smoking, eating, or drink- 
ing in areas where such actions might result in an appreciable intake of radioactive 
material. The ventilating system for reactor and other buildings should be 
designed so that the air always flows from regions of lower radiation level to 
those of higher level. Dust must be controlled, e.g., by vacuum cleaning if pos- 
sible; if sweeping is required, there should be enough moisture present to prevent 
dust being raised. In areas where some dust in the air is unavoidable, operating 
personnel should wear suitable masks. 


Montrorine: Arr AND WATER SuRVEYS 


9.85. The monitoring operations performed in order to protect personnel from 
receiving excessive doses of radiation may be divided into three broad classes: 
(1) general monitoring of air, water, and areas; (2) more detailed survey of work- 
ing areas and of equipment; and (3) monitoring of personnel, clothing, ete. 
Although the various functions may be distributed differently in different A.E.C. 
installations, the foregoing classification is convenient for purposes of descrip- 
tion. It should be mentioned, too, that the measurement techniques described 
below may vary from one place to another and that, in any event, the whole 
field of radiation instrumentation is always undergoing change. 


*Seo OC, B, Wagner, Hlec, Hng., 74, 221 (1955), 
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9.86. An important hazard in air consists of dust particles that have 8 
radioactive, and several different insruments are used for removing the partic iC 
and determining their activity.* For continuous automatic monitoring of t e 
atmosphere in areas within or surrounding a reactor site, the constant air monitor 
can be used; this is a device for messuring the particulate beta and gamma ss 
tivity in the ambient air. A vacuum pump draws air continuously beards P 
filter paper wrapped around a Geiger-Miiller (G-M) tube (see § 5.78) mounte 
in a lead shield. The tube is connected with a count-rate meter which is at- 
tached to an automatic recorder. \ continuous record is thus obtained of the 
rate of collection of activity and of the total activity collected in a given time. 
An associated relay-alarm system provides audible warning when a predeter- 
mined radiation level is reached. ‘The filter nes which the dust particles 

is changed at regular intervals, usually daily. 
aepiane seed ue are used to collect the dust present in a known 
volume of air; the activity of the material collected is then determined re a 
counting laboratory. The Filtron is a semiportable instrument consisting o 7 
electric motor driving a blower urit which forces air at the rate of nn 
ft?/min through a chamber containng a filter paper. The ae on on 
generally about 30 min. About 7) per cent of all particles arger than 0. 
micron (1 micron = 10~ cm) enterng the chamber remain on the filter paper. 
The instrument is used to determine beta and gamma activities ; itis not Tee- 
ommended for alpha-particle deterninations because of spurious counts given 
by the fiber of the filter. In the Precipitron the blower forces the air through a 
corona discharge produced by a higa voltage, so that the dust particles “a 
electrical charges. They are then precipitated electrostatically on to a t 
aluminum foil. The instrument has a collection efficiency of 90 per cent or 
rticles between 0.1 and 10 microns. 

Ses Mee near on the backgiound activity of various zones around a re= 
actor or other source of radiation, gumma-monitoring systems of a poe 
installed type are desirable. The cosage rate in various locations can then 1 
recorded at a central point. Thus, not only are personnel entering the area in- 
formed in advance of the existing radiation levels, but significant increases can 
be detected and steps taken to detemine the cause and to correct the situation, 

9.89. An instrument known as a Monitron is often used to record the back= 
ground radiation in working areas. It consists of a large ionization chamber 
which is coated with carbon, for the detection of gamma radiation only, or with 
enriched boron (§ 5.33) if it is to be used for thermal neutrons in re 
to gamma rays. The chamber is connected with an amplifier circuit and & 
count-rate meter which is calibratec to read directly in mr/hr. A relay system, 
actuating an alarm, may be set to provide a warning signal at any desired ga 


* For the importance of air monitoring see M. Hisenbud, et al., Nucleonics, 12, No, 8, 
(1954). 





9.93] RADIATION PROTECTION 559 


radiation level. Actual thermal-neutron intensities are not measured, but rela- 
tive values are indicated. 

9.90. If water is used as either primary or secondary coolant for a reactor, 
it is generally discharged ultimately to a public stream. Monitoring is therefore 
necessary to avoid the direct hazard that might arise from drinking the water 
or the indirect hazard resulting from the accumulation of radioactivity in various 
forms of aquatic life. When water is the primary coolant, as at Hanford, it 
leaves the reactor with a certain amount of induced activity due to the capture 
of neutrons by traces of dissolved salts. The water is held for several hours in 
order to allow the short-lived activity to decay, but it is always monitored before 
being returned to the Columbia River. 

9.91. The ideal method for monitoring water would be to use an immersion 
or dipping type of G-M tube, whereby a continuous record of the activity of 
the effluent could be obtained. Although such instruments exist, the procedure 
is not too satisfactory because the tube becomes contaminated with continued 
use. One way of overcoming this difficulty is to take measurements periodically, 
thus greatly reducing the time of contact of the tube with radioactive contami- 
nants. An alternative is to place a sensitive G-M tube just above the surface 
of a large volume of water, e.g., a retention basin. In any case it is desirable 
that samples of water be taken to the laboratory regularly, where they are 
evaporated to dryness and the residues counted or subjected to radioanalysis. 
Consideration must be given to the possible loss of volatile elements during the 
evaporation. 

9.92. In addition to cooling water, it is frequently necessary to discharge dilute 
aqueous solutions containing traces of radioactive material as an aspect of waste 
disposal. These solutions are usually held up in tanks until the activity has 
largely decayed, and then they are gradually discharged into settling basins from 
which they find their way into the surrounding soil and possibly into an existing 
drainage system. As a protective measure, samples of water and soil from vari- 
ous locations are regularly taken to the laboratory for appropriate analysis. 


RapiaTion Survey InstRuMENTS* 


9.93. All exposed surfaces, especially working surfaces, and equipment which 
has to be approached or handled must be subjected to a detailed radiation 
survey. In addition, operations involving radioactive material should be moni- 
tored so as to make sure that persons performing the operation do not receive 
un excessive dose of radiation. The instruments used must be portable and 
reasonably robust, and they should respond rapidly, either visually or audibly. 
‘The type of instrument chosen for a particular radiation survey depends on 
(1) the nature of the radiation, e.g., alpha, beta, or gamma radiation or neutrons ‘ 
(2) the magnitude of the dosage rate; and (3) whether qualitative (detection) or 

* Seo Nuclear Instrument Handbook, Nucleonics, 4, No. 5, 97-152 (1949), 
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quantitative (measurement) information is required. It may be okie ae it 
is a common practice to make qualitative observations first and to . es ne 
with a quantitative survey if required. Information concerning t : - 0 
radiation is generally available from the nature of the operation and of the i 
terials involved. If this is not the case, a preliminary scanning ee may be 
necessary in order to determine which instrument 1s most suited to the circum- 
Prae Many instruments, made by different manufacturers, are available ‘i 
radiation surveys, but most of them fall into a few general categories Aaa 
by the purpose for which they are intended. The descriptions given here mad 
be taken as fairly typical, although there may be variations due either to ae 
preferences or to improvements in design which are continually being ae a ; 

- For purposes of clarity, the treatment will be divided into two parts; - e 7 
will deal with survey instruments used for detection purposes and whic ae no 
intended to provide a reliable quantitative indication of the radiation doen 
and the second will be concerned with devices which are used for actual quan- 
titative measurements of the various radiations. 


DETECTING INSTRUMENTS 


9.98. For the detection of beta and gamma radiations some form of G-M survey 
meter is generally used. It is employed in decontamination operations and for 
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general survey of personnel, clothing, protective equipment, tools, etc., where a 
qualitative indication of the activity, often at a relatively low level, is all that 
is required. The G-M tube is contained in a probe attached to the portable 
instrument box by means of a cable about 36 in. long (Fig. 9.3). The high 
voltage required to operate the tube is supplied by batteries or by a vibrator 
power supply contained in the box. 

9.96. The pulses from the tube, arising from the presence of radiation, are 
amplified and fed to a pair of headphones for aural detection. The instrument 
is also equipped with a count-rate meter calibrated roughly in mr/hr, from 0.05 
to 20 mr/hr, but the readings are not too accurate, except at the energy for which 
the system was calibrated. Normally, the G-M survey meter detects gamma 
radiations and beta particles of energy 0.2 Mev or more, but by the use of a 
shield it is possible to determine whether the activity detected is due to beta 
particles or gamma radiations or both. Because of its great sensitivity, the in- 
strument is particularly suited to the detection of low-level activities, but it 
should not be used for quantitative measurement of dose rates. 

9.97. A portable instrument for the detection of alpha particles is the alpha- 
survey meter; this is a battery-operated proportional-counter type of instrument 
with headphones for aural detection. The detecting chamber may be included 
in the instrument box, or it may be contained in a separate probe. In some 
forms a count-rate meter, capable of indicating up to 80,000 alpha particles/min, 
semiquantitatively, is included. By adjustment of the sensitivity of the elec- 
tronic circuit, the relatively small pulses produced by beta particles and gamma 
rays are not counted, and so the instrument responds only to alpha particles. 

9.98. When the alpha-particle survey is carried out at certain fixed locations, 
e.g., when checking personnel for contamination, an a-c-operated proportional 
counter, known as Poppy, is sometimes used. It has a separate probe, and 
audible indication of the presence of alpha particles is provided by a loud speaker. 
Poppy is designed for the detection and semiquantitative measurement of low- 
level alpha radiation greater than 1000 particles/min. The instrument is in- 
sensitive to gamma radiation below 1 r/hr and to moderately high levels of beta 
activity, so that it detects essentially only alpha particles. Portable forms of 
the Poppy instrument have been constructed, with the operating voltage sup- 
plied by batteries, but they have not proved too satisfactory. 

9.99. The detection of slow neutrons can be performed with a proportional- 
counter survey meter, similar to that used for alpha particles, containing boron 
trifluoride, preferably enriched in boron-10. If the walls are not too thin (so 
that alpha particles cannot penetrate them) and the counting circuit is ad- 
justed so that it is not sensitive to beta and gamma radiation, the instrument will 
respond only to slow neutrons. 

9,100, For detecting fast neutrons a portable instrument, called a fast-neutron 
(dosimeter, operating in the proportional region, is used; it responds to the large 
pulses caused by recoil protons produced by passage of fast neutrons through 
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a thin layer of paraffin. Neutrons ir the energy range from 0.1 to 10 Mev are 
detected. The electronic circuit is designed so that the meter does not respond 
to small pulses and it is consequently insensitive to gamma radiations at dose 
rates less than 1 r/hr. The same instrument is used both for detection and 
measurement. 


MEASURING INSTRUMENTS 


9.101. One of the most accurate devices for the measurement of gamma radia- 
tion, regarded as a basic instrument m quantitative monitoring, is the Lauritsen 
electroscope. In addition to being bosh accurate and sensitive, it is portable and 
rugged. It is actually an integrating ionization chamber of the electrostatic 
type, referred to in § 5.25. One of the electrodes is a very fine, gold-plated 


L-SHAPED WIRE 








CHARGING 


TERMINAL 
a 


7 


EYEPIECE 


ALUMINUM 
CASE 


GOLD-PLATED 
QUARTZ-FIBER 
ELECTRODE 


Fic. 9.4. Lauritsen electroscope 


quartz fiber connected to a rigid L-shaped metal wire and mounted within, but 
insulated from, a cylindrical aluminum case. The latter acts as the outer 
boundary of the air-filled ionizatior chamber and also as the second electrode 
(Fig. 9.4). The electrodes are cha:ged to a potential difference of about 200° 
volts by means of a self-contained battery. The repulsion between the quart# 
fiber and the L-shaped wire causes the former to be displaced from its normal 
(discharged) position. If the instrument is now exposed to ionizing radiation, 
the charge on the fiber decreases ard it tends to return to the discharged posi« 
tion. The rate of motion of the fiber, determined by the time taken for its image 
to move between two fixed points on a scale in the eyepiece of a microscope, iff 
proportional to the radiation dose rate. The Lauritsen electroscope is accurate 
to within 1 per cent over the range from 1 to 1000 mr/hr of gamma radiation, 
Although used mainly for the measirement of gamma-radiation dose rates, t 
instrument, with suitable “windows,” can be adapted to the detection of alp 
and beta particles. 

9.102. A disadvantage of the Lauritsen electroscope is that it does not in 
cate dose rates directly, since it requires observation over an interval of t 
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Consequently, for many quantitative surveys of gamma radiation, another in- 
strument, called the Cutie Pie (or C.P.) meter, is frequently ager Although 
it is not very accurate (+10 per cent), it is fairly robust, is light in weight, and 
can be carried and read very easily (Fig. 9.5). The C.P. consists of an ain-filled 
ionization chamber made of a Bakelite, which is approximately air equivalent 
The dose rate, proportional to the ion current, is indicated directly in mr/hr ah 
a familiar type of pointer microammeter. The meter has three ranges, which 
may differ somewhat in instruments made by different manufacturers: the over- 
all range is usually from 5 to 5000 or 10,000 mr/hr. For the monsureniaiz of 
gamma rays of low energy, or when it is required to detect beta particles in addi- 
tion, a thin-walled chamber of special (air-equivalent) black paper, supported 





“Cutie Pie” meter (Tracerlab, Inc.) 


Fia. 9.5. 


by u Bakelite frame, is used. With the aid of a very thin “window,” alpha 
particles of fairly high energy can also be detected. If the ditanine of the 
chamber is coated with enriched boron, the C.P. will measure slow-neutron flux 
| 9.103. A modification of the C.P. meter, called the Fish-Pole Probe, is uted 
lor high levels of radiation, e.g., 1 to 100 r/hr, to an accuracy within about 10 
por cent. Depending upon the type of ion chamber and the sensitivity of the 
wwsociated meter, relative levels of beta and gamma radiation up to several hun- 
dred r/hr can be indicated, but not measured with any degree of accuracy. The 
I"inh-Pole Probe consists of an ionization chamber attached to the end pic pole 
Which can be extended to about 12 ft. Thus, the observer, holding the other 
end of the pole, can stay at a distance from the source where the radiation level 
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is relatively low. The electrical circuit is similar to that in the C.P. instrument, 
and the dose rate is read in the same manner, by means of a microammeter 
attached to the observer’s end of the pole. 

9.104. For the detection and measurement of very low levels of gamma radia- 
tion (and X-rays) a portable scintillation counter has been found very useful, 
because, as stated in § 5.87, instruments of this type have a high efficiency. 
The general range of the scintillation counter employed in this connection is 
from 0.005 to 5 mr/hr. It is designed so as to be insensitive to alpha and beta 
particles. 

9.105. The alpha-survey meter described in § 9.97 is also used for the semi- 
quantitative measurement of contamination of benches, desks, floors, etc., by — 
alpha-particle emitters. It has a range of from about 300 to 80,000 particles/ 
min, for alpha particles having energies of 2 Mev or more. An external shield 
is used to determine whether radiations other than alpha particles are present. 

9.106. For the measurement of the low thermal-neutron fluxes which might 
be permissible in an operating area, the most accurate device is a Lauritsen 
electroscope lined with enriched boron. If there is appreciable gamma radia- 
tion, two similar instruments should be used; one of these is lined with boron 
and measures both gamma radiation and slow neutrons, whereas the other, which — 
is not so lined, measures only the gamma radiation. The difference in the read- 
ings when the two chambers are in the same location is consequently a measure 
of the slow-neutron dose rate. ‘The combination described can determine slow- 
neutron fluxes up to about twice the maximum permissible average value of 2000 
neutrons/(em*)(sec) for a 40-hr week. For higher fluxes, very approximate 
measurements can be made by means of a proportional counter containing en- 
riched boron trifluoride in conjunction with a count-rate meter. 

9.107. Fast neutrons are determined quantitatively by the same instrument 
(the fast-neutron dosimeter) as is used for detection purposes (§ 9.100). Ite 
response is proportional to human-tissue sensitivity over the energy range from 
0.2 to 10 Mev, and fast-neutron fluxes from 10 to 10,000 neutrons/(cm’) (sec) 
can be measured by means of a count-rate meter. 

9.108. The information contained in this section concerning instruments used 
for survey purposes is summarized in Table 9.9. All the devices, except the 
a-c-operated Poppy, weigh about 10 lb or less, so that they may be regarded 
as readily portable; the weight of the C.P. meter is only 4 lb, ' 


PERSONNEL MONITORING 


9.109. All persons working within areas where nuclear radiations may be en= 
countered must wear individual personnel monitoring devices; two types of su 
instruments are in general use: (1) pocket (ionization chamber) meters @ 
(2) film badges (or film dosimeters). In addition to these meters which reco 
the total radiation dose received over a period of time, individuals leaving 
contaminated area are surveyed by appropriate counters which will be deseri 


later, 
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TABLE 9.9, INSTRUMENTS USED IN RADIATION MONITORING 


eS 


Instrument 


Region 





Operating 


Approximate 


Radiation Useful Range 








Remarks 





ee 


G-M survey 
meter 


Alpha-survey 
meter 


Poppy (a-c- 
operated) 


Fast-neutron 


dosimeter 


Slow-neutron 
survey meter 


Detecting Instruments 





G-M region 


Proportional 
counter 


Proportional 
counter 


Proportional 
counter (with 
paraffin) 


Proportional 
counter (with 
BF) 





Gamma and beta | 0.05 to 20 mr/hr 
(>0.2 Mev) 


Alpha 300 to 80,000 
dis/min 

Alpha (low Low levels 

levels) > 1000 dis/min 

Fast neutrons 10 to 10,000 
n/(cm?) (sec) 


Not quantitative 


Semiquantitative 


Semiquantitative 


Quantitative 
(see below) 





Slow neutrons Relatively high 


thermal fluxes 








Semiquantitativo 
at high fluxes 


—_ 


Measuring Instruments 


eee 


Lauritsen 
clectroscope 


O.P. (Cutie Pie) 


ish-Pole Probe 


Neintillation 
eounter 


l"ant-neutron 
dosimeter 


Lauritsen 
electroscope 
boron lined 


Mloweneutron 
survey meter 





Ion chamber 
(electrostatic) 


Ion chamber 
(current 
indicating) 


Ion chamber 
(current 
indicating) 


Scintillation 


Proportional 
counter (with 
paraffin) 


Ton chamber 
(electrostatic) 


Proportional 
counter (with 
BIy) 





Gamma (can 
detect alpha and 
beta) 





1 to 1000 mr/hr 









Gamma (can 
detect beta) 


5 to 10,000 
mr/hr 










Gamma (high 
level) 


1 to 100 r/hr 










Gamma (low 
level) 


0.005 to 5 mr/hr 








Fast neutrons 10 to 10,000 


n/(cm?) (sec) 



















Slow neutrons 
(low level) 


Up to 4000 
n/(cm?) (sec) 
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Slow neutrons 
(high level) 


Relatively high 
thermal fluxos 


Accurate to 
+1% 


Light and robust; 
accurate to 
+10% 


C.P. meter on 
12-ft pole 
Very efficient 


and sensitive 


Requires com- 
pensation if 


gamma present 


Semiquantitative 
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Pocket METERS 


9.110. The pocket meter (or chamber) is actually an ionization chamber, 
similar to a fountain pen in size and shape. It consists of a cylinder of plastic 
material lined internally with graphite which acts as the positive electrode. 
Astout wire, supported at its ends by insulators, runs axially through the cyl- 
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Fia. 9.6. Pocket ionization chamber 


inder and serves as the negative electrode (Fig. 9.6). The electrodes are charged 
in a charger-reader (or minometer) to a known potential difference, about 150 
volts (Fig. 9.7). If the insulation is satisfactory and there is no exposure to 
rediation, the charge will remain unchanged. If ionizing radiations enter the 





Fia. 9.7, Charger-reader for pocket chambers (Victoreen Instrument Co.) 
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chamber there is a decrease of potential which is proportional to the amount 
(or dose) of radiation received. The change in potential is measured, at the 
end of the day, by means of an electrometer which is part of the minometer, 
and the corresponding radiation dose is recorded. 

9.111. As a general rule, each individual carries two pocket chambers. The 
one indicating the lower exposure is taken as giving the correct dosage, since 
various electrical and mechanical factors tend to make the readings too high. 
Pocket meters measure gamma radiations and such beta particles (energy about 
1 Mev or more) as are able to penetrate the walls of the chamber. Their range 
is usually up to 200 mr total dosage and the accuracy is within 10 per cent. 
Pocket chambers have been made with boron linings, so that they are also sen- 
sitive to slow neutrons. 

9.112. Where large radiation exposures are possible in the course of an opera- 
tion, it is desirable that each individual should be able to keep track of the total 
dose received from time to time. For this purpose self-reading pocket dosim- 
eters are used. These are also: similar to a fountain pen in appearance and 
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Fie. 9.8. Self-reading pocket dosimeter 


operate in the ionization chamber region. The outer electrode is cylindrical and 
the inner electrode consists of a short wire to which is attached a flexible, metal- 
coated quartz fiber, similar to that in the Lauritsen electroscope (Fig. 9.8). 
When the dosimeter is charged, the quartz fiber diverges from the wire, but when 
radiation enters the chamber the deflection gradually decreases. The position 
of the quartz fiber on a calibrated scale, as observed through a lens system fitted 
into one end of the instrument, gives the total radiation dose received up to the 
time of reading. The self-reading dosimeter usually indicates exposures up to 
200 mr, although instruments with higher ranges are available. 


Firm DosIMETERS 


9.113. The action of the film dosimeter is dependent on the fact that ionizing 
radiations produce an effect on photographic film similar to that of light; upon 
development, after exposure to radiation, a general blackening is observed. The 
extent (or density) of the blackening is a measure of the total amount of radia- 
tion to which the film has been exposed, although there is some energy depend- 
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ence as will be indicated later. Highly ionizing particles, such as alpha particles 
and protons, form definite linear tracks in their motion through the photographic 
emulsion. If a special fine-grain (nuclear track) film is employed, the tracks 
are particularly clear after development and so they can be readily seen (and 
counted) by means of a microscope. This type of film is used for the determina- 
tion of neutron exposure. Fast neutrons produce tracks due to recoil protons, 
whereas slow neutrons liberate protons as a result of the N“(n, p)C" reaction 
with nitrogen in the film. ; 
9.114. The film-badge dosimeter consists of a small frame of metal or plastic 
containing one or two packs of film, about 13 by 2 in. in size (Fig. 9.9); one pack 
contains beta- and gamma-sensitive film and the other holds nuclear-track film 
for the determination of neutron exposure, if this is required. For beta- and 


FILTER 





Fria. 9.9. Film-badge dosimeter 


gamma-radiation measurement two or three films of different sensitivity are in 
the pack, and these may cover a total dosage range from 50 mr to 20 r or to as 
much as 500 r* when exposure is to gamma radiations of energies from 0.3 to 
2 Mev. A single film is generally adequate for neutron determination, and this 
may cover neutron exposures from the maximum permissible level to a hundred 
times this value.t 

9.115. In the assembly of the film dosimeter, each of the film packs, wrapped 
in paper to prevent access of light, is placed in the frame, with the neutron- 
sensitive film at the back. In front, and covering part, of the film packs are one — 
or more thin metallic shields (about 1 mm thick), one of which consists of cad-— 
mium. The cadmium shield serves several purposes. In the first place it helps 
to make the film respond uniformly to gamma radiations of all energies. It hap- 
pens that the sensitivity of photographic film to gamma radiation increases very 
markedly for energies less than about 0.3 Mev; thus 1 r of radiation of 0.1 Mev 
energy will produce six or more times the blackening caused by the same dose 
at 1 Mev. However, passage through a shield of a heavy metal results in the 
absorption of a considerable proportion of the low-energy radiation (ef, Pigs 
2.11), and so the response of the film is more uniform over a range of energie, 


i i i jor accident, 
* Measurement in the high range may prove useful in the event of A major acc 
{ For film monitoring of fast neutrons, seo J, 8, Cheka, Nucleonics, 12, No, 6, 40 (1054). 
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The second purpose of the metal shield is to absorb beta particles ; hence the 
beta-gamma film under the shield is affected only by gamma radiations, whereas 
the unshielded part responds to both gamma rays and to beta particles which 
pass through the paper enclosing the film, i.e., with energies in excess of 0.1 Mev. 
Finally, since cadmium is such a good absorber of slow neutrons, it is penetrated 
only by fast neutrons. The shielded portion of the neutron-sensitive film will 
thus indicate fast neutrons, but the unshielded part will be exposed to both fast 
and slow neutrons. 

9.116. At certain prescribed intervals, usually at the end of each week, the 
Flm dosimeters are taken to the laboratory to be developed. The amount of 
blackening of the beta-gamma films, as determined by means of an electronic 
densitometer, gives the total exposure to both beta and gamma radiations and 
to the latter alone. These are indicated by the densities of the unshielded and 
shielded parts of the film, respectively. The films are calibrated in terms of 
roentgens by means of a radium standard (cf. § 9.38). The developed films are 
filed to provide a more or less permanent record of the radiation exposure of the 
individual. 

9.117. Neutron-sensitive films, after development, are examined with a micro- 
scope, and the tracks produced by fast and slow neutrons, under the unshielded 
portion, and by fast neutrons alone, under the cadmium-shielded portion, are 
counted. Weekly inspection of neutron films is necessary only for those persons 
who are likely to be exposed to such radiations to an appreciable extent. For 
others, examination at intervals up to three months or more may be sufficient. 

9.118. It was mentioned in § 9.115 that in some film dosimeters other metallic 
shields, in addition to cadmium, are used in front of the beta-gamma film; each 
of these shields then covers a separate part of the film. The purpose of such 
shields is to provide information concerning the energy of the gamma radiation. 
‘The absorption coefficients of different metals, e.g., cadmium, copper, and lead, 
vary differently with energy, and by comparing the densities of the blackening 
produced under shields of these several metals some conclusions can be drawn 
concerning the energy of the incident gamma radiation. 


PERSONNEL Survey INSTRUMENTS 


9.119. In addition to the meters described above, which give the total accu- 
mulated radiation dose over a period of time, an aspect of personnel monitoring 
is the radiation survey of individuals leaving an area where contamination is 
possible, One method employed is to use a G-M survey meter and to run the 
probe containing the tube over all parts of the body to detect the possible pres- 
ence of radioactivity. If the individual or his clothing is found to be contami- 
nated, appropriate decontamination measures must be taken. 

9,120, A stationary (nonportable) device for personnel surveying, generally 
looated at a point of egress from an area where contamination may be encoun- 
tered, is the hand-and-foot counter, This consist of an arrangement of five 
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separate G-M tubes and their associated count-rate meters capable of detecting 
essentially all gamma radiations and beta particles with energy in excess of 0.2 
Mev, but not alpha particles. The individual steps on to a platform and places 
his hands in two slots provided for the purpose. The counting mechanism is 
started by pressing down with the hands, and it stops automatically after 24 sec. 
The five indicators then register the respective amounts of contamination on the 
palm and back of each hand and on both shoes. If the amounts exceed certain 
tolerance limits, the individual must report for decontamination. 


RADIOACTIVE WASTE DISPOSAL* 


GENERAL CONSIDERATIONS 


9.121. An aspect of radiation protection, which is important for persons not 
connected with reactor operation, as well as for those directly associated with it, 
is concerned with the disposal of radioactive wastes. In this connection the 
term ‘‘waste” is employed in a general sense to refer to any material, including 
air, which must be discharged to the surroundings. The disposal of this ma- 
terial, much of which is dangerously radioactive, must be carried out in such a 
manner as neither to constitute a hazard to human beings nor to interfere with 
the existing ecological equilibrium. The most significant source of radioactive 
wastes is the chemical processing of spent reactor fuel, and the disposal of these 
wastes was considered briefly in Chapter VII. However, even the reactor itself 
produces wastes, such as water and air used as coolants, ventilation air, con- 
taminated equipment, liquid from cleaning and decontamination operations, etc. 
In a reactor using liquid fuel, gaseous fission products such as krypton, xenon, 
and iodine will be liberated and must be disposed of. Further, many reactor 
installations will have associated laboratories from which a variety of radioactive 
wastes will arise. 

9.122. The problem of waste disposal is greatly complicated both by the va- 
riety and the variability of the material to be treated from day today. At Oak 
Ridge National Laboratory, liquid wastes are divided into three categories in 
order to simplify, to some extent, their treatment. These are (1) metal wastes, 
containing dissolved compounds of uranium or other elements which must be 
recovered; (2) radiochemical wastes, consisting chiefly of highly radioactive fission 


products and various by-products from development and other processes; and — 


(3) process wastes, which are large volumes of liquid, mainly cooling water and 
nonradioactive or feebly radioactive process by-products. In view of the com- 
plexity of the situation, it should be one of the prime considerations in the 


* Report TID-5031, pp. 353, 400; F. Western, Nucleonics, 3, No. 2, 48 (1948) ; Symposium on 
Radioactive Wastes, Ind. Eng. Chem., 43, 1499-1544 (1951); ‘Handling Radioactive Wastes 
in the Atomic Energy Program,’’ U. 8. Government Printing Office, 1951; C. P. Straub, Nue 
cleonics, 10, No. 1, 40 (1952); L. P. Hatch, Am, Scientist, 41, 410 (1953); W. A. Rodger, Chem, 
Eng. Prog., 50, 263 (1954); B, Manowitz and L, P, Hatch, Chem, Ung. Prog. Symposium Series, 
No, 12, 50, 144 (1954), For a bibliography of radioactive waste disposal, see Report TID-875, 
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design and operation of nuclear reactors and their associated chemical plants 
and laboratories to keep to a minimum the quantity and variety of radioactive 
material which has to be treated as waste. 

9.123. Apart from the utilization of natural decay to reduce the activity of 
waste materials, two general methods of controlling radioactive wastes have been 
used: (1) dilution and dispersion, and (2) concentration and storage. To apply 
them satisfactorily requires a knowledge of the geology of the area and also of 
the meteorological conditions. For example, in certain circumstances radio- 
active material placed in the ground might be perfectly safe, whereas under other 
geological conditions contamination of the surrounding water supplies might 
result. Climate is also important because atmospheric inversions, rainfall, and 
winds might tend to spread contamination over the ground. In connection with 
the dilution and dispersion of radioactive wastes, either in the atmosphere or 
into rivers, etc., the A.E.C. places limits upon the activity and amounts of ma- 
terial that may be released. The objective is to prevent the radioactivity in 
the air and in water supplies from reaching the maximum permissible concen- 
trations given in Table 9.7. 

9.124. The question of waste disposal in relation to the surrounding popula- 
tion, geology, and climate should be considered in selecting a site for a reactor 
or radiochemical plant. A poor choice in this respect could lead to considerable 
difficulties in operation. Cooperation of sanitary engineers and industrial hy- 
giene engineers with health physicists is desirable, both in the interest of pro- 
tection of the public as well as that of efficient and continuous functioning of 
the reactor plant. 

9.125. Although the procedures for dealing with radioactive wastes mentioned 
in Chapter VII and to be described below have proved adequate so far, it should 
be emphasized that they are essentially of a local and provisional nature. For 
example, storage of contaminated material by burial requires increasing areas 
of ground and obviously this cannot continue indefinitely. It is evident, there- 
fore, that if there is to be extensive development of nuclear power, more economi~ 
cal and effective methods for waste disposal will have to be worked out. 


DisposaL BY DILUTION AND DISPERSAL 


9.126. Radioactive gaseous wastes are usually allowed to mix with large vol- 
umes of air in the atmosphere so that they are thereby considerably diluted and 
dispersed. Thus the cooling air of the Oak Ridge and Brookhaven reactors is 
disposed of by discharging it to the atmosphere through high stacks.* The off- 
gases from spent-fuel-element dissolvers are treated in a similar manner (§ 7.209). 
If the air or other gas contains suspended particles, these particles should be re~ 


* The chief radioisotopes present in air that has passed through a reactor are oxygen-19 
(half life 29 sec), formed by O(n, y)O"; nitrogen-16 (half life 7.3 sec), formed by O'%(n, p)N"*; 
and argone41 (half life 1.83 hr), formed by A®(n, y)A", The argon-41 is the most significant 
of the three, 
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moved by electrostatic precipitatia or by filtration before the gas is discharged. 
The radioactive solid which is colbcted is then usually buried (§ 7.214). 

9.127. Cooling water and aquesus wastes of relatively low activity may be 
stored for a time to permit the activity to decrease to some extent.* The liquid 
is then diluted at a controlled rat2 with a large volume of water, as in a river, 
and the activity is thus dispersed The ultimate concentration of radioactive 
material in the water must not exteed the maximum permissible levels. To in- 
sure the absence of hazard, measirements are made regularly on the activity 
of the river water, in fish, and in >ther aquatic life. 

9.128. Because of the desirability, for reasons given in Chapter VIII, for re- 
moval of as much as possible of :he dissolved material present in water to be 
used for reactor cooling, the probem of disposal of the effluent is greatly sim- 
plified. As a result the activity nduced in the water is much less than would 
otherwise have been the case. The procedure of prior purification is used in con- 
nection with the cooling water forthe Hanford reactors. As stated above, after 
passage through a reactor, the cooling water is held for several hours, and then 
mixed off with the Columbia River. The low-level aqueous wastes from Oak 
Ridge National Laboratory are dsposed of in a similar manner; after retention 
for several days, first in a settling basin and then in White Oak Lake, the waste 
liquid is gradually discharged inte the Clinch River. The liquid wastes of low 
activity from the British (Windsale) plutonium production plants are pumped 
through pipe lines into the sea a; a distance of about two miles from shore. T 


DISPOSAL BY CONCENTRATION AND STORAGE 


9.129. Solutions which are too radioactive to be disposed of by dilution and 
dispersal can be treated by conceatration; this decreases the bulk of active ma- 
terial, which is then buried either on land or at sea, or it may be held in under- 
ground storage tanks. Several nethods of concentration have been proposed 
and applied in various instances. The most successful procedure employed hith- 
erto is evaporation. If the condsnsate has little or no activity, it can be dis- 
posed of very readily, but there nay be circumstances in which this is not the 
case. For example, the presence of radioelements which are themselves volatile 
or which form volatile compounds may cause the condensate to be radioactive, 
In addition there is always the pesibility that some active material will be car- 
ried over from the waste solutio into the condensate by entrainment in the 
vapor. 

9.130. Evaporation has been p:oved to be a satisfactory method for concen= 
trating active wastes, but it is expensive and so other procedures have been used, 
Among these, mention may be nade of (1) precipitation of the active species 
with a suitable carrier and (2) mmoval with an ion-exchange resin. Both of 


* The activity of effluent cooling water is due mainly to sodium-24 (half life 15 hr), formed 
by Na%(n, y)Na*, although various otter radioisotopes are frequently also present, 
Tis E. B. Jay, “Britain's Atomic Fictorios,”’ H, M. Stationery Office, 1954, p. 88, 
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these methods can result in greater concentration than is practical by evapora- 
tion and, probably, at lower cost, although evaporation gives a higher degree 
of decontamination. The precipitation process is essentially the same as the 
flocculation method commonly employed in conventional water treatment. An 
interesting application of the ion-exchange principle is based on the use of mont- 
morillonite, a clay-like material with a high capacity for exchange with ions of 
the most important fission products. After the clay has taken up the maximum 
amount of these ions, it is heated to 1000°C (1830°F), and as a result its structure 
is changed so that only a very small proportion of the ions can be re-extracted.* 

9.131. Another process which has been demonstrated successfully, although 
it has not been applied on a large scale, makes use of biological assimilation. 
By utilizing established sewage-disposal techniques, various organisms normally 
occurring in sewage or in sewage processes have been found to concentrate cer- 
tain elements. The solution must, of course, provide sufficient nutrient ma- 
terial to promote growth of the organisms. 

9.132. The radioactive liquid concentrates obtained by any of the methods 
described above are stored in various ways. They may be placed in under- 
ground storage tanks, or they may be buried directly in the ground. In the 
latter case it is important that the soil should be relatively nonporous, otherwise 
some of the activity may seep into the water-supply system. A further pos- 
sibility is to incorporate the concentrated liquid waste into concrete blocks which 
are then buried on land or at sea. 

9.133. When the soil has very good ion-exchange properties, the concentration 
and burial stages may, in a sense, be combined by running the waste solution 
directly into pits. As the liquid percolates through the earth, the radioactive 
cations are adsorbed and held in the soil by the process of ion exchange. There 
is, of course, a limit to the amount of active material that can be retained in 
this manner in any particular location. 

9.134. Many solid wastes are already in concentrated form so that they can 
be stored or buried in a suitable place, preferably in dry or impervious ground. 
In some instances, however, a decrease in volume can be achieved by compres- 
sion. If combustible matter is present, e.g., contaminated clothing or wood, 
it may perhaps be burnt off, but great care must be taken to prevent the spread 
of radioactive smoke. Considerable work has been done on the development of 
incinerators for the treatment of combustible radioactive wastes. 

9.135. In order to ensure that waste-disposal procedures are properly achiev- 
ing their objective, various radiation-survey operations, some of which were 
mentioned earlier, are performed regularly. Samples of water, mud, soil, etc., 
are taken to the laboratory from time to time for detailed radiochemical analyses. 
In addition, continuing studies are made of fish and plant life to determine to 
what extent, if any, they are affected by the discharge of radioactive wastes into 
(heir environment, So far, the methods and precautions used have proved com- 

*W, 8, Ginell, J, J, Martin, and L, P, Hateh, Nucleoniow, 12, No, 12, 14 (1954), 
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pletely satisfactory, and there is no evidence that reactor operations have had 
any appreciable effect on ecological conditions. Nevertheless, there is consider- 
able scope for improvement in the processes for radioactive waste disposal. 


SymBois Usep In CHapTer IX 


atomic weight (or mass number) 
number of curies 

distance from source in cm 

energy 

distance from source in ft 

mass of radioactive material in grams 
intensity of radiation 

initial intensity of radiation 

constant 

milligrams (of radium) 

milliroentgen 

number of atoms per cm’ (or per gram) 
reactor power in kw 

roentgen 

roentgens per hr at 1 meter distance 
thickness of absorber in cm 

fraction of disintegrations accompanied by gamma rays 
linear absorption coefficient 

Me energy-absorption coefficient 

o scattering cross section for fast neutrons 
¢ flux (photons or neutrons/(cm?)(sec)) 
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PROBLEMS 


1. If & is the biological half life of an element in a certain organ and ¢; is the radioactive 
half life of a particular isotope, derive an expression for the effective half life of that 
isotope in the specified organ. Show that if either & or ¢; is very short compared to the 
other, then the effective half life is approximately equal to the shorter of the two. Ex. 
plain the physical significance of the result. 

2. The human body consists of 15 per cent by weight of carbon and 1.0 per cent of 
potassium. Owing to the presence of carbon-14, there is an emission of 12.5 beta 
particles/min per gram of carbon in the living organism. Further, all forms of potassium 
contain 0.011 per cent of potassium-40, a beta emitter with a half life of 1.5 < 10° yr, 
Calculate the number of microcuries of (a) carbon-14 and (b) potassium-40 present in 
a human being weighing 70 kg. 

3. A standard radium source of 0.010 curie strength, contained in a platinum capsule 


of 1.00 mm wall thickness, was located at 35 cm in air from a meter which then indicated 


a dose rate of 76 mr/hr. What is the error of the meter at this reading? 

4. After drawing air for 30 min, at the rate of 5 ft'/min, through a Filtron, the cole 
lected sample was found to have a beta-gamma activity of 4850 counts/min, attributed 
to iodine-131, The collection efficiency of the Filtron is about 70 per cent and the 
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counter efficiency (“geometry’’) is 10 per cent. The normal background is 120 counts/ 
min. Is the air safe for continued use? 

5. Iodine-131 (half life 8.0 days) emits a 0.36-Mev photon in 85 per cent of its decays 
and a 0.64-Mev photon in the other 15 per cent. A 10-curie source of this radioiodine 
is to be kept under water, with no other shielding. What depth of water would be 
necessary to insure that no individual will receive a dose greater than one tenth of the 
maximum permissible exposure during a 40-hr working week? 

6. Radiolanthanum-140 (half life 40 hr) emits a number of gamma-ray photons, in 
addition to beta particles; the most important gamma-ray energies are 1.6 Mev in 77 
per cent of the decays, 0.9 Mev in 10 per cent, and 2.5 Mev in 6 per cent. Design a 
lead carrier for a 5-curie source of radiolanthanum, such that the escaping radiations do 
not represent any appreciable hazard. 

7. An individual spends a total of 24 hr per week in the vicinity of a reactor where 
the maximum average fluxes are 350 2-Mev photons, 120 thermal neutrons, and 5 fast 
neutrons/(cm?)(sec). What is the total dose received in rems? 

8. An operator receives a total dose of 0.015 rad of fast neutrons during the course 
of a 40-hr working week. What would be the maximum flux of 1-Mev gamma radiation 
to which he might be permitted to be exposed at the same time? 


Chapter X* 


SHIELDING OF NUCLEAR REACTOR SYSTEMS? 








REACTOR SHIELDING PROBLEMS 


_GENERAL ASPECTS OF SHIELD DESIGN 


10.1. In the design of a nuclear reactor and its associated equipment, provi- 
sion must be made for the attenuation of escaping nuclear radiations by some 
form of shielding. Not only is such shielding necessary for the protection of 
personnel, as explained in the preceding chapter, but a relatively high radiation 
background will interfere with the satisfactory functioning of instruments used 
in various aspects of reactor operations and control. 

10.2. The character of the shield suitable for a particular reactor is very largely 
dependent on the purposes of the reactor, so that shield design is to be regarded 
as an integral aspect of reactor design. A reactor of very low or zero power, 
such as might be used for critical experiments, would require little or no shielding. 
In a case of this kind the attenuating effect of distance might be sufficient to 
reduce the radiation dosage to a value below the maximum permissible exposure 
(see Chapter IX). On the other hand, a reactor operating at high power would 
require a shield of considerable thickness. For a stationary system a partial 
solution may be found in building the reactor underground. 

10.3. Another aspect of the relationship between reactor and shield design 


is apparent in connection with various research reactors. In the Bulk Shielding 


Facility (Swimming Pool) reactor, used for experimental purposes at Oak Ridge 
National Laboratory (§ 10.124), the shield consists essentially of 17 ft of water 
in a concrete tank.{ The design of the reactor is such that it can be charged, 
discharged, and controlled from above. Apparatus suitable for experiments can 
be lowered from the top, so that a direct. approach to the sides of the reactor is 
not necessary. In this case water acts as moderator, reflector, coolant, and 
shield. When air is used as coolant, so that air ducts must be introduced into 

* Material contributed by E. P. Blizard and 8. Glasstone. 

Reviewed by E. P. Blizard and A. Simon. 

+ For bibliography, see C. J. Engberg, Report TID-3032; a compilation of data useful in 


shielding calculations is given by J. Moteff, Report APEX~-176. 
{See § 13.70 for description of a similar reactor, 
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the reactor, or when access to the interior is necessary for experimental purposes, 
asin the natural uranium-graphite reactors at Oak Ridge (X-10) and Brookhaven, 
the use of a water shield is not always practical or convenient. 

10.4. For mobile reactors, e.g., for the propulsion of an aircraft, the weight 
of the shield is of overriding importance; if the shielding is too heavy, the re- 
actor may prove to be unsatisfactory for its intended purpose. In this instance 
the cost of the shield may be of secondary significance. But for a stationary 
reactor, such as would be used in a power station, cost becomes the primary fac- 
tor, and weight is now secondary. 

10.5. Wherever possible advantage is taken in shield design of the attenuating 
effect of distance, according to the inverse-square law (§ 9.46), on the radiation 
intensity or flux. If operating personnel can be kept at an appreciable distance 
while the reactor is in operation, a significant saving in thickness and cost of the 
shielding may be feasible (§ 10.107). For example, a shield may be made thinner 
at the top and bottom if access is restricted to the sides. Similarly, a smaller 
thickness may be adequate at the sides and bottom if all operations can be per- 
formed from the top. 

10.6. The design of a reactor shield usually involves two distinct phases. The 
initial phase, which is part of the over-all design of the reactor, is concerned with 
specifying the general configuration of the shield, the materials of construction, 
and the optimum arrangement that will provide, most economically either in 
weight or in cost, the required radiation attenuation. It is essential, of course, 
that the shield be compatible with the general operational requirements of the 
reactor, and so consideration must be given to the location of the cooling system, 
control elements, ete. The second phase of shield design is concerned with many 
details associated with localized problems, such as the effects of ducts and piping 
that must pass through the shield. As will be seen in the course of this chapter, 
some of the problems encountered can be solved analytically, but, because of 
their great complexity, especially those concerned with shielding the reactor it- 
self, recourse must be had to experiment. The conversion of data thus obtained 
under idealized conditions to actual practical cases is an important aspect of 
shield design. 


RapIATIONS FROM REACTOR SYSTEMS 


10.7. In principle the radiations which might escape from a reactor system 
include alpha and beta particles, gamma rays, neutrons of various energies, fis- 
sion fragments, and even protons resulting from (n, p) reactions. As far as 
shield design is concerned, however, only gamma rays and neutrons need be 
considered since these are by far the most penetrating.* Any material which 
attenuates these radiations to a sufficient extent will automatically reduce all 
the others to negligible proportions. 


* Wor measurements of gamma-ray ageriee from actual reactors, see J. W. Mota, Phys. Rev., 
46, 768 (1052); Report AECD-3286; I, Maienschein and 'T, Love, Nucleonics, 12, No, 5, 6 
(1064); @. C, Horton, Report ABRI-R/R-1271. 
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10.8. Reactor coolants, spent fuel elements, and solutions of fission products 
emit relatively few (if any) neutrons, and these are of not very high energy; 
hence absorption of gamma radiation is, in general, all that need be contem- 
plated. The design of suitable shielding is then a relatively simple matter since, 
as will be seen shortly, the absence of neutrons eliminates many complicating 
factors. A special case arises in connection with a circulating fuel system; after 
leaving the reactor to enter the heat exchanger, the fuel continues to emit de- 
layed neutrons. Although these represent less than 1 per cent of the total fission 
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neutrons and have lower energies than the prompt neutrons, they must definitely 
not be ignored. In addition to the hazard they themselves represent, they may 
induce radioactivity, as a result of capture, in the material used as secondary 
coolant. 

10.9. Some indication of the complex character of the nuclear radiations aris- 
ing from the reactor itself is apparent from Fig. 10.1, which, in accordance with 
the comment made above, refers only to neutrons and various gamma radiations. 
The fission process itself produces fission fragments, as indicated at the left of 
the figure, most of which are radioactive, expelling negative beta particles. 
Many of these fragments and their decay products emit gamma rays, several 
of which have energies as high as 2 to 3 Mev. In addition, the slowing down of 
the beta particles is accompanied by formation of bremsstrahlung (§ 2.24) with 
a range of energies up to about 2 Mev. The interactions of these various radia- 
tions with matter in the reactor produce other radiations which will be considered 
below. 

10.10. More than 99 per cent of the neutrons liberated in fission, indicated 
in the center of Fig. 10.1, are expelled promptly; as seen in Chapter 2, the en- 
ergies of these neutrons cover a considerable range (cf. Figs. 2.22 and 2.23). 
A large proportion of the fission neutrons have energies in excess of 1 Mev, some 
being as high as 14 Mev, and they are slowed down as a result of elastic collisions 
with a moderator or by inelastic collisions with the nuclei of heavier elements, 
e.g., uranium, present in the reactor. As seen in § 2.98, inelastic scattering will 
be followed by the emission of the excitation energy of the struck nucleus in the 
form of gamma radiation. 

10.11. After being slowed down, many of the neutrons will be involved in 
(n, y) reactions. In addition to capture by moderator, coolant, and structural 
materials, it must be remembered that both uranium-235 and uranium-238 un- 
dergo (n, y) reactions to a very considerable extent. The total energy of the 
capture gamma rays in each case will be at least equal to the binding energy of 
the neutron. For the reaction with uranium-238 this energy, as given in Table 
2.8, is 5.5 Mev, and for uranium-235 it is about 6.8 Mev. For nuclei of some- 
what lower atomic number, the energies of capture gamma rays may be as high 
as 8 Mev or more.* The products of the (n, 7) reactions are often beta-active, 
and the slowing down of the beta particles will be accompanied by bremsstrah- 
lung, as noted above. In addition, some of the radioactive species will un- 
doubtedly emit gamma radiation. Finally, the prompt gamma radiation of fis- 
sion, with a total energy of about 5 Mev divided between two or more photons 
(§ 2.172), is produced almost simultaneously with the act of fission, as shown 
at the right in Fig. 10.1. 

10,12. If beryllium or deuterium is present in the reactor, either as moderator 


* Tt should be mentioned that, since the total gammarray energy is often emitted in two 
or more quanta of lower energy, the situation is not always aa bad as it would at first appear 
(seo ‘Table 2,6), 
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or reflector, the action of gamma rays of energy exceeding 1.62 or 2.21 Mev, 
respectively, will produce photoneutrons (§ 2.74).* If sufficient ee 
ergy is available, some of these photoneutrons will have energies of about 1 lev 
or more and will initiate a chain of events similar to that resulting from fission 
ms. 
ies The interaction of the various gamma. radiations will produce photo- 
electrons, Compton electrons, and, for energies in excess of 1.02 Mev, positron- 
electron pairs. As these electrons are slowed down, bremsstrahlung will be 
produced, while the recombination of electrons and positrons will result in the 
formation of annihilation radiation of energy 0.51 Mev, or possibly 1.02 Mev 
: ner The foregoing discussion will suffice to show that the nuclear radiations 
escaping from a reactor will be very complex in nature; but this is not all. whe 
the neutrons and gamma radiations of various energies enter the shield, they wil 
suffer interactions of the same type as those that occur within the reactor. 
Throughout the shield there will thus be produced secondary gamma radiations 
due to inelastic scattering, to (n, y) reactions, and to other processes involving 
the nuclei constituting the shielding material. Unless proper precautions are 
taken in the design of the shield, these secondary components of the radiation 
could lead to serious hazards. For example, if a slow neutron were captured 
near the outside of the shield, it could give rise to capture gamma radiation of 
high energy which might emerge from the shield with little or no energy loss. 
10.15. An important matter which must be borne in mind in connection. with 
shield design is the possibility that a radiation component which is negligible 
within the reactor may become dominant outside the shield. This could happen 
with fission neutrons of high energy. Because nuclear cross sections, in general, 
decrease with increasing neutron energy, the removal of fast neutrons is relatively 
difficult. It is possible, for example, for neutrons of 8-Mev energy or more, 
which may represent roughly 0.01 per cent of the neutrons within a reactor, to 
constitute a major proportion of the neutrons leaving the shield. Since the bio- 
logical effectiveness of neutrons increases with increasing energy, at least up to 
3 Mev (cf. Table 9.5), a dangerous situation could arise from these high-energy 
neutrons alone. 


GenrraL Aspects OF SHIELD CONSTRUCTION 


10.16. In principle the problem of shielding the reactor itself involves three 
aspects: (1) slowing down the fast neutrons, (2) capturing the slowed-down, or 
initially slow, neutrons, and (3) absorption of all forms of gamma radiation, 


* Actually any nuclear species (except hydrogen) can be made to yield eon pa 
amma rays of sufficient energy — equal to the neutron binding energy, 1.¢., usuiily na . 
6 Mev — are available. Since the cross sections for such (y, 2) reactions are small an ay 
of 6 Mev (or more) energy are not common in a reactor, photoneutrons emitted by nuclei o 
than beryllium and deuterium are negligible, 
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including inelastic-scattering and capture gamma rays, formed by interaction 
of fast and slow neutrons with nuclei in the shield. 


Slowing Down Fast Neutrons 


10.17. Since elements of low mass number are the best moderators, it might 
appear that hydrogen, in the form of water, could best be used as the shield 
constituent for slowing down neutrons. However, at high neutron energies the 
scattering cross section of hydrogen is very small, so that considerable thicknesses 
of water would be required to slow down the fission neutrons of highest energy. 
The situation can be greatly improved by introducing an element (or elements) 
of fairly high mass number. Although such substances are not good moderators, 
Le., they do not decrease the neutron energy to an appreciable extent in an elastic 
collision, they are able to reduce the energies of very fast neutrons as a result 
of inelastic-scattering collisions. Elements such as lead, barium, or iron will 
readily decrease the neutron energy down to about 0.5 Mev, where the hydrogen 
(elastic) scattering cross section is several (approximately 4) barns. Hence a 
combination of a moderately heavy or heavy element with hydrogen will effec- 
tively slow down even neutrons of very high energies. The manner in which 
such combinations can be realized will be considered later. 

10.18. It will be seen below that essentially every neutron undergoing an in- 
elastic collision is effectively removed, because of the high probability of sub- 
sequent slowing down and capture. Further, even in an elastic collision, when 
the decrease in energy may not be large, the accompanying change in the direc- 
tion of motion of the neutron leads to an increased path length through the 
shield; the chances of slowing down and capture are thereby increased. Con- 
sequently it appears, to a first approximation, that the effectiveness of a particu- 
lar material for the attenuation of fast neutrons is determined by the total 
fast-neutron cross section, which includes both inelastic and elastic: scattering 
as well as direct capture. As stated in § 2.146, at high energies the total cross 
section approaches 27R?, where F is the nuclear radius. Since R is proportional 
to At, where A is the mass number of the nuclear species (§ 2.147), it follows 
that the total fast-neutron cross section is proportional to A%. The number of 
atoms (or nuclei) in a certain mass of material is inversely proportional to the 

atomic weight (or mass number). Hence the shielding effectiveness of a given 
mass of material for fast neutrons may be expected to be inversely related to 
Al, In other words, the weight of shielding material required to attenuate fast 
neutrons to a specified extent should be less for an element of low mass number 
than for one of high mass number. 

10.19. It should be borne in mind, however, that for light elements the thresh- 
old energy, below which inelastic scattering of neutrons is not possible, is several 
million electron volts (§ 2.100). In fact, hydrogen is incapable of causing in- 
olastic scattering at any energy. Light elements would thus not serve the pur- 
pose of slowing down fission neutrons by inelastic seattering into the energy 





























582 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [10.19 


region in which elastic collisions become effective because of the increased cross 
section. On the other hand, for elements of moderate and high mass numbers 
the threshold energy for inelastic collisions may be as low as 0.5 Mev or less, so 
that these elements are able to decrease the energies of very fast neutrons into 
the region where elastic collisions, e.g., with hydrogen, occur readily. To serve 
this purpose, therefore, it is desirable that elements of fairly high mass number 
be included in reactor shields. In comparing two such elements, e.g., iron and 
lead, the theoretical arguments presented above would indicate that a smaller 
mass of iron would be as effective as a larger mass of lead for the attenuation of 
fast neutrons (cf. § 10.114). 

10.20. It is worth noting here that the reflector can make an important con- 
tribution to fast-neutron shielding. The reflector, especially of a thermal re- 
actor, is invariably a good moderator, e.g., water, heavy water, beryllium, beryl- 
lium oxide, or graphite, so that it will slow down an appreciable fraction of the 
moderately fast neutrons escaping from the reactor core. Because of scattering, 
many of these slowed down neutrons are returned to the core, and thus cease 
to be a shielding problem. 


Slow-neutron Capture 


10.21. The next aspect of reactor shielding to consider is that of capturing 
the neutrons after they have been slowed down. Actually this is a relatively 
simple matter, even though the shield does not contain an element with a large 
or fairly large cross section for the capture of slow neutrons. In fact, it is gen- 
erally accepted that in a shield almost every neutron which has suffered inelasti¢ 
scattering may be regarded as removed, since the probability of further slowing 
down and subsequent capture is large. This is particularly true if a good mod- 
erating element, such as hydrogen, is present in addition to one of medium or 
high mass number. 

10.22. The capture cross section (c.) of hydrogen for thermal neutrons is only 
0.33 barn; nevertheless, the number of these nuclei present in the shield for 
slowing down purposes is usually sufficient to absorb a large fraction of the neu= 
trons. In addition, iron has an appreciable capture cross section (a. = 2.5 
barns) for thermal neutrons. The disadvantage of absorption by iron is that 
the capture gamma rays have an energy of over 7.5 Mev, essentially all of which 
is emitted as a single photon; consequently additional gamma-ray shielding 
becomes necessary. It should be noted in this connection that capture of neue 
trons by hydrogen is accompanied by 2.2-Mev gamma radiation which can by 
no means be ignored. 

10.23. The difficulty due to capture gamma radiation may perhaps be partly 
overcome by using lead in place of iron as the inelastic-scattering material. T 
capture gamma-ray energy, of some 7 Mev, also appears as a single photon, 
the capture cross section (¢, = 0.2 barn) for lead is less than for iron. It wo 
then be necessary to add to the shield a substance which readily captures sl 
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neutrons in a reaction other than a (n, y) process. Such a material is boron-10, 
which has a large cross section for the (n, a) reaction with slow neutrons (§ 2.138). 
Although some of the liberated energy does appear as gamma radiation, its en- 
ergy is only about 0.5 Mev, so that it is readily absorbed. Proposals have been 
made for incorporating boron in various forms in reactor shields (§ 10.48), es- 
pecially as its capture cross section is quite appreciable even for fast neutrons. 

10.24. Since cadmium captures slow neutrons so readily, and it also has a 
fairly high mass number, it might be thought that this element could be used 
as a shielding material. The difficulty here, as with iron, is the energy (about 
7.5 Mev divided among two or more photons) of the capture gamma rays. 
Because of the large neutron capture cross section, the intensity of this radiation 
would be so high that its absorption would be a serious problem. If, for any 
reason, a cadmium sheet is used as part of a shield, it should be located near 
the reactor so that it is backed by adequate material for absorbing the capture 
gamma rays. 

10.25. Attention should be drawn, at this point, to another possible drawback 
associated with the use in a shield of a material, such as cadmium, having a high 
resonance peak for the capture of neutrons in a limited energy range (cf. Fig. 
2.17). Although most of the neutrons within this range are captured, a large 
proportion of the others, especially those with higher energies, will penetrate the 
shield. A hazardous situation might then result from placing too much reliance 
upon a material that is apparently a very good absorber of neutrons. 


Absorption of Gamma Radiation 


10.26. The third and final aspect of the shielding problem is the absorption 
of the various gamma rays, both primary and secondary. As far as their be- 
havior is concerned, the origin of these radiations is not significant; all that 
matters is their energy and so they are effectively absorbed by a material of high 
density (§ 2.68). It is evident, therefore, that the shield constituent which 
serves as the inelastic scatterer of neutrons, i.e., iron or lead, will also function 
as the absorber of gamma radiation. 

10.27. It will be shown below (see also Chapter II) that, within the energy 
range of interest, the absorption is determined essentially by the mass of the 
shielding material. This means that the thickness of shield required to produce 
a specified absorption of gamma rays is inversely proportional to the density of 
the shielding material. Thus a smaller volume of lead than of iron would be 


required, but the masses would be approximately the same (see, however, 
§ 10.38). 


SUMMARY 


10,28. From the foregoing discussion it can be concluded that, in essence, a 
reactor shield will consist of an element (or elements) of high mass number; one 
(or more) of low mass number, preferably hydrogen; and possibly, although it 
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is not mandatory, a good neutron absorber which undergoes (n, a) or (n, p), 
rather than (n, y), reactions. The heavy element may be in the metallic state, 
e.g., iron or lead, or in the form of a compound, e.g., an iron oxide (iron ore) or 
barium sulfate (barytes). Hydrogen is usually present as water, either as such 
or in a combined state, although other hydrogen compounds have been con- 
sidered for use in reactor shields (see § 10.47). If a special neutron absorber is 
included, it is usually boron in the form of a suitable compound. 

10.29. It is appropriate to conclude this section with a note of caution against 
attempting to design a shield consisting mainly of a material of moderate or 
high mass number, e.g., lead or iron, even if it has a fairly large cross section for 
the capture of thermal neutrons. With such a shield neutrons in the interme- 
diate range, with energies too low for inelastic scattering and too high for capture, 
would not be appreciably attenuated. Even if a material is added outside the 
shield to slow down and capture these neutrons, the secondary gamma radiation 
will constitute a hazard unless a considerable thickness is used. A good shield 
consequently requires the proper combination of moderator (and absorber) with 
the inelastic scatterer of high mass number. 


SHIELD CONFIGURATIONS 


10.30. For maximum efficiency a shield should attenuate fast neutrons and 
gamma rays at such a rate that the respective fluxes will be reduced to their 
maximum permissible values (Table 9.6) at the same place, i.e., just at the ex- 
terior of the shield. This requirement might be met if the material of high mass 
number and the hydrogen (or hydrogen compound) were uniformly distributed, 
in the proper proportions, throughout the shield. Since the heavy material, e.g., 
iron, is usually a solid, and the hydrogen is generally in the liquid state as water, 
a completely homogeneous form is not possible. An approximation to uni- 
formity may be achieved by the employment of a vessel of water, possibly con- 
taining a dissolved boron compound, in which are a number of parallel sheets 
of iron (or lead) more or less equidistantly spaced. 

10.31. At one time there was much interest in laminated shields for reactors; 
these consisted of alternate layers of a solid compressed wood product, called 
Masonite, containing about 6 per cent by weight of hydrogen,* and metallic iron. 
Later investigations have shown that, although the laminated type of shield is 
efficient, it is expensive. The same attenuation of neutrons and gamma radia- 
tion can be achieved at a much lower cost by incorporating the heavy element, 
such as iron or barium, in concrete, which normally consists almost entirely of 
elements of moderate or low mass number, including hydrogen. In this way a 
fairly uniform distribution of the important constituents is attained, with the 
added advantage that the concrete can also serve as a structural material. Spe- 
cial ‘heavy concretes,’’ which will be described in § 10.44, have been extensively 
used in the shielding of stationary reactors. 

* Water contains 11 per cent by weight of hydrogen, 
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THERMAL AND BIOLOGICAL SHIELDS 


10.32. Essentially all the energy absorbed in the shield from the fast neutrons 
and gamma rays is ultimately degraded into heat. This means that, for a re- 
actor of moderate or high power, a considerable portion of heat is generated 
within the shield (see Chapter XI). Since the absorption of both neutrons and 
gamma radiation is, at least approximately, exponential in character, a large 
proportion of the total heat liberated will be released in those parts of the shield 
closest to the reactor. For example, suppose that the gamma-ray flux is 10" 
photons/(cm?)(sec) at the inside face of the shield, i.e., nearest the reactor, and 
this is reduced to 10° photons/(cm?)(sec) at the outer face. If the thickness of 
the uniform shield is 100 cm, then, assuming an exponential absorption with 
distance (which will not be strictly the case), it follows that the flux will be de- 
creased from 10" to 10” photons/(cm?)(sec) within the first 10 cm of the shield. 
This decrease in flux represents a 90 per cent absorption of the gamma-ray energy 
in the first 10 per cent of the shield. 

10.33. To protect the shield from possible damage from the heat liberated 
upon absorption of radiation, a so-called thermal shield is frequently introduced 
close to the reactor. It consists of a substantial thickness of a dense metal of 
fairly high melting point, e.g., iron, placed between the reactor core and the 
main shield, referred to as the biological shield. In the Materials Testing Re- 
actor (MTR), for example, the thermal shield consists of two four-inch thick 
layers of steel, separated by a space of four inches through which air is passed 
to serve as coolant. 

10.34. It will be noted that the thermal shield consists of a material which 
is effective for absorbing gamma, radiations and for the inelastic scattering of 
fast neutrons. Since these two types of radiation carry most of the energy leak- 
ing from the reactor, it is evident that a large proportion of the heat produced 
in the shield will be released in the thermal shield. When operating at its full 
power of 30,000 kw, the MTR produces 48 kw of heat in the thermal shield and 
about 2 kw in the biological shield made of special concrete.* 

10.35. For reactors operating at low or moderate power, the amount of heat 
liberated in the shield may not be excessive. Further, if the reactor and the 
shield are large, the local temperatures may not be sufficiently high to cause 
appreciable harm to the shield. In cases of this kind the introduction of a ther- 
mal shield may be unnecessary. The X-10 (natural uranium) reactor at Oak 
Ridge National Laboratory, for example, does not have a thermal shield, al- 
though a special stream of air is directed over the inner faces of the biological 
shield at the front and back of the reactor. After about ten years of operation, 
most of the time at an average power level of about 3800 kw, there are no indi- 
cations of damage to the concrete of the shield. 


"J, RR. Huffman, Nucleonics, 12, No, 4, 21 (1954), 
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Suretp MaTERIALs* 


10.36. Materials used in shielding may be divided into three broad categories, 
according to their function: (1) heavy elements to absorb the gamma radiation 
and slow down very fast neutrons to about 0.5 Mev by inelastic collisions; 
(2) hydrogenous substances to moderate neutrons having energies in the range 
below about 0.5 Mev; and (3) materials, notably those containing boron, which 
capture neutrons without producing high-energy gamma rays. Although these 
three classes will be considered separately, it will be seen that the same material 
may often serve two or all three purposes. 


Heavy Elements 


10.37. The only heavy element which has hitherto been employed in the 
metallic form for shield construction is iron. In the massive state it has been 
used for the thermal shield in the MTR, as stated above, and also as a compo- 
nent of the biological shield of the now dismantled Los Alamos Fast Reactor. 
However, iron turnings or punchings, as well as iron oxides, have been incorpo- 
rated in concrete for shielding purposes. Further reference to special concretes 
which incorporate heavy elements, such as iron or barium in some form, will 
be made shortly. re 

10.38. Because of its high density and ease of fabrication, lead is being con- 
sidered as a shield component. For gamma rays with energies in the region of 
2 Mev, roughly the same mass of lead as of iron is required to absorb a specified 
fraction of the radiation. However, at both higher and lower energies the mass- 
absorption efficiency of lead is appreciably greater than that of iron. 

10.39. Disadvantages of lead in reactor shields are its relatively low melting 
point and its softness. It cannot carry any appreciable portion of the reactor 
system load and since it cannot withstand high temperatures it would require 
cooling. The same is true for bismuth, which otherwise might be possible as a 
shielding material. The elements tantalum and tungsten have both high den- 
sities and high melting points, but because of their cost they would be of value 
only in special cases, for example, as thermal shields in mobile reactors operating 
at high temperatures. Tungsten has a fairly high radiative capture cross se¢- 
tion for thermal neutrons, and the resulting gamma rays must not be overlooked, 

10.40. From the long-range point of view, carbides, nitrides, and possibly 


borides of elements of high mass number may be of interest. Ceramic materials . 


of this type are usually refractory, have high melting points, and are relatively 
dense, although they may prove difficult to fabricate. The presence of a light 
element, such as carbon, nitrogen, or boron, would contribute to the slowing 
down of the fast neutrons, and boron would, in addition, capture neutrons, 


* A,B. Pavlish and J. C. Wynd, Report’ AECD-3007; E. G, Tirpak, Report AWOD-3184; 
Civil Eng., 21, 451 (1951); T. Rockwell, Report ANCD-3352; J. A. Murray and J, H, Cullinan, 
Report ANCU-1835; FE. J. Callan, J, Am, Conerete Inst, 25, 17 (1968), 
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Hydrogenous Materials 


10.41. The value of a hydrogenous material for neutron shielding is deter- 
mined, first, by its hydrogen content; this is best expressed in terms of the num- 
ber of hydrogen atoms (or nuclei) per unit volume. In this respect water, with 
6.7 X 10” atoms/cm’, ranks high, and it has, in addition, the advantage of low 
cost. However, water as such, because of its liquid nature, has not been greatly 
used in the past, but it is now attracting interest for research reactors. The 
low boiling point and instability to radiation must, of course, be taken into con- 
sideration. 

10.42. Masonite (§ 10.31), with a density of about 1.3 g/ cm, was used as the 
hydrogenous material in some of the early reactors. The number of hydro- 
gen atoms per cubic centimeter is as high as about 5.5 X 10%, which is not much 
less than that for water. In addition, it contains both carbon and oxygen which 
can act as moderators. Although it has proved satisfactory in the past, Ma- 
sonite will probably find little application in the future because of the relatively 
high cost of erecting laminated shields. 

10.43. As a general shield material, there is much to recommend concrete ; it 
is strong, is not expensive, and is adaptable to both block and monolithic types 
of construction. Ordinary concrete of density 2.3 g/em* contains somewhat less 
than 10 per cent by weight of water when cured, ie., about 1.4 X 10” hydrogen 
atoms/cm’. Although this is considerably less than the concentration in water, 
the larger proportion of oxygen (which acts as additional moderator) and the 
calcium and silicon in concrete compensate, to a great extent, for the difference. 
Thus the relaxation length (§ 10.64), which may be regarded broadly as an in- 
verse measure of the shielding effectiveness, for moderately fast neutrons in 
ordinary concrete is 11 cm, as compared with about 10 cm in water (Table 10.3). 
Nevertheless, ordinary concrete alone is not very efficient as a reactor shield 
material since it normally contains no element of high mass number. 

10.44. In recent years various special (‘“heavy’’) concretes, incorporating 
heavy elements, have been developed for reactor shielding.* In barytes con- 
crete, for example, the mineral barytes, consisting mainly of barium sulfate, 
largely replaces the sand and gravel aggregate in ordinary concrete. This ma- 
terial was used for the biological shield of the MTR.t The density of barytes 
concrete is about 3.5 g/cm’, and the relaxation lengths for fast neutrons and 
gamma radiation are 8 and 10 cm, respectively.{ Thus a shield of barytes con- 
crete would have to be no thicker than an iron-water shield of the same effective- 
ness, although the total weight of the former would be greater. 


"It is of interest to record that heavy concretes, incorporating metallic iron or iron ore, 
wore used in construction work for several years before their application to reactor shielding. 

{| For description of construction of MTR shield, see L. Narrow, Eng. News-Record, 152, 
No, 10, 86 (1954). 

{The relaxation lengths of lead and iron for gamma rays of 8 to & Mev energy are about 
2.5 and 8.7 om, respectively; that of water ia 80 om, 


588 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [10.45 


10.45. The barytes aggregate may be partly or wholly replaced by limonite, 
an iron ore of composition 2Fe,0;-3H,O; this contributes both iron and bound 
water to the concrete. If desired, iron punchings may be added to the resulting 
concrete. Thus the Brookhaven reactor shield is made of a mixture of iron ore, 
iron punchings, Portland cement, and water; it has a density of 4.27 g/cm’, and 
the relaxation lengths for fast neutrons and gamma rays are 6.3 and 8 cm, respec- 
tively. The compositions (by weight) of two fairly typical concretes for use in 
reactor shielding are given in Table 10.1. 


TABLE 10.1. COMPOSITION BY WEIGHT OF CONCRETES 
FOR REACTOR SHIELDS 


Barytes Concrete Iron Concrete 
(Density 3.5 g/cm) (Density 4.5 g/cem*) 
Barytes............ 60% Steel punchings..... 57% 
Limonite........... 22% Limonite........... 26% 
Portland cement.... 11% Portland cement.... 13% 
Water..........006. 7% Wiatetncctindtiyt ators: 4% 


10.46. Various other heavy cements and concretes have been devised; one, 
consisting of iron, Portland cement, and water, has a density as high as 6 g/cm‘. 
Unless it is kept soaked with water, which is a definite possibility, the hydrogen 
content of this material might be too low for it to serve as a neutron shield. The 
total amount of water held by concrete when cured can be increased by adding 
certain water-absorbing substances, but these usually have a fairly low density. 
Boron compounds, e.g., the mineral colemanite (2CaO-3B,03:H2O), have also 
been incorporated into concretes in order to increase the probability of neutron 
capture without high-energy gamma-ray production. 

10.47. As possible alternatives to water as the hydrogenous component of a 
reactor shield, some consideration has been given to metal hydrides, since they 
possess features of special interest, especially for high-temperature shields. Such 
materials would combine both inelastic and elastic neutron scattering with 
gamma-ray absorption properties. Two hydrides, in particular, have been stud- 
ied: titanium hydride (TiH2) and zirconium hydride (ZrHz), which contain ap- 
proximately 9.0 X 10” and 7.5 X 10” hydrogen atoms/cm’, respectively. At 
high temperatures, e.g., above 500°C (930°F), these compounds decompose, giv- 
ing off hydrogen, but it appears that the dissociation can be greatly diminished 
by the presence of a small excess of the metal. Other heavy-metal hydrides, 
about which little is yet known but which have been mentioned as worthy of 
consideration, are those of chromium, iron and related metals, tungsten, tho- 
rium, and uranium. 


Boron Compounds 


10.48. There are several common boron compounds which are sufficiently 
soluble to be added to a water shield to increase the rate of neutron capture; 
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among these, mention may be made of boric acid, borax, and various other bo- 
rates. The advantage to be gained by the boration of water, however, varies 
considerably with the character cf the shield. In a lead-water shield, with a 
large proportion of the lead near the core, for example, it would be beneficial 
to add boron to the water. The fact that there is relatively little gamma-ray 
absorbing material in the outer regions of the shield would then not be serious 
since only low-energy gamma, rays are produced when boron captures neutrons. 

10.49. A boron-containing material which may prove of value in reducing the 
dimensions, and hence the over-all cost, of concrete shields is boral, a complex 
of boron carbide (B.C) and aluminum.* The two powdered constituents, in the 
proportions of roughly 45 to 55 by weight, are mixed and heated. The product 
is then rolled down to a thickness of about 0.25 in., and the resulting sheet is 
clad on each side with about 0.02 in. of aluminum. The product has a density 
of 2.5 g/cm’; it has satisfactory mechanical properties and absorbs neutrons with 
no accompanying high-energy gamma radiation. A similar material which has 
been proposed, called boraxal, is made from aluminum and boric oxide (B20s3). 
It is much cheaper than boral but contains somewhat fewer boron atoms per 
unit volume. 


SHIELDING GEOMETRY 


THE Pornt KERNEL 


10.50. For many aspects of shield design it is useful to have equations which 
give the intensity of the radiation, received at a detector, from sources of various 
shapes, e.g., point, linear, planar, spherical, etc., as a function of the distance 
between source and detector, i.e., of the shield thiekness. Such equations can 
be applied directly to calculate the thickness of shield required to reduce the 
radiation intensity at the detector to a specified amount. Alternatively they 
can be used to determine the intensity distribution from a source of one particu- 
lar shape and size by employing experimental measurements made with a dif- 
ferent source. Both types of application of what is frequently called shielding 
geometry will be described in this chapter. The results obtained are quite gen- 
eral and are equally applicable to neutrons and to gamma radiation. 

10.51. The calculation of the radiation intensity due to a distributed source, 
i.e., a linear, surface, or volume source, as a function of distance makes use of 
the fundamental principle that any such source can be treated as a distribution 
of point sources. The first step in the derivation of the required equations is 
to write an expression for the radiation intensity received by a point detector 
at a certain distance from a point source of known strength. The resulting 
expression is then integrated over the whole of the distributed source. In some 
cases the required integration can be carried out analytically, but in others either 
approximations must be made or special methods of integration used. 

*V. L, MeKinney, ef al, Report ARCD-3476, 
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10.52. For the present purpose it is convenient to define a point kernel, G(R), 
which represents the response of a detector located at a distance R from a unit 
point source, i.e., a source emitting one particle of radiation (one neutron or one 
photon) per second, both source and detector being located in an infinite homog- 
enous medium. For a point source of strength S, the intensity (or flux) of the 
radiation received at a detector at a distance R from the source is given by 
SG(R), i.e., S times the value for a unit point source. 

10.53. The actual form of G(R) will depend on the nature of the medium, 
iLe., the shield, separating the detector from the source as well as on the charac- 
ter, e.g., type and energy, of the radiation. For simplicity it will be assumed 
that G(R) is a function only of the distance R between the source and the de- 
tector, i.e., of the shield thickness, for a given radiation and shielding medium. 
In other words, for any specified value of R, the medium is supposed to produce 
the same attenuation of the radiation, irrespective of position or direction.* 
This implies, among other things, an isotropic source, i.e., one which radiates 
uniformly in all directions, and also an isotropic shielding medium. A laminated 
shield (§ 10.31), for example, would not satisfy the latter condition, but the use 
of the function G(R) is, nevertheless, a convenient approximation. 


DISTRIBUTED RADIATION SOURCES 


10.54. In the theoretical treatment of extended (or distributed) radiation 
sources it is necessary, if the results are to be unambiguous, to specify the direc- 
tional character of the detector. Two hypothetical idealized types are used in 
calculations: directional and isotropic. Most actual radiation detectors, includ- 
ing the human body, resemble both types to some extent, although the similarity 
is usually greater for one than for the other. 

10.55. The directional detector is assumed to measure only the component of 
the radiation in a particular direction, so that it indicates (per em? per sec) the 
radiation current (§ 3.12). The zsotropic detector, on the other hand, collects 
radiation from all directions, and so provides a measure of the radiation flux. 
Such a detector will always record an intensity of radiation at least as high as 
that indicated by the directional detector and may be regarded as an upper limit, 
to the radiation that would be received by a human body. The reading of the 
hypothetical isotropic detector would thus provide a basis for conservative shield 
design, and in the calculations given below the use of this type of detector will be 
postulated. Since the response of the isotropic detector, in terms of neutrons 
or photons received per second, can be used to derive an approximate measure, 
at least, of the radiation dose rate, it will be represented by the symbol D, 


* It will be seen below that an expression for the function G(R) which is frequently used in 
similar to equation (9.49.1) for gamma radiation. It is based on exponential absorption and 
inverse-square-law attenuation with distance, 
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Isotropic Circular Plane Source 


10.56. The first case of a distributed source to be considered is that of an iso- 
tropic circular plane (disk) source of radius a, with the detector on the normal 
passing through the center (Fig. 10.2). The source strength S is the total num- 
ber of particles emitted (isotropically) per unit area per second. Consider a 
narrow annulus of radius p and width dp; the area of this annulus is 27p dp and 
it is everywhere distant R from the detector. The radiation received per second 
at the detector is equivalent to that from 2p dp point sources of strength S, 
namely, 2rp dp SG(R), where G(R) is the point kernel defined above. 






DETECTOR 


CIRCULAR PLANE SOURCE 


Fic. 10.2. Dose from circular plane source 


10.57. The corresponding value for the whole disk source is then obtained by 
integrating over all values of p from zero to a; the result is 


D = 28 4, * G(R) dp. 


Since R? = p? + 2, where z is the thickness of the shield, it follows that 


2R dR = 2p dp 
and hence 


Veta 
D = 2n8 f “+e G(R)R dR, (10.57.1) 
(he limits of integration having been changed to correspond to the new variable. 


lor a large disk the upper limit may be set equal to infinity, thus simplifying 
the integration; then 


D = 2n8 f ” G(R)R dR, (10.57.2) 


Which is strietly applicable to an infinite plane source, 


' 
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Isotropic Spherical Surface Source 


10.58. A case of interest, which has a number of important applications, is 
that of an isotropic source that is spread uniformly over a spherical surface. In 
order to simplify the treatment, it is postulated that the isotropic absorbing 
medium extends throughout the inside, as well as the outside, of the sphere. 
Radiation coming from the surface of the sphere farthest from the detector will 
thus pass through a single medium, and G(R) will be the same function for all 
values of R. 

10.59. Let r be the radius of the spherical surface and 7 the distance from the 
center of the sphere to the detector (Fig. 10.3). Consider a thin annulus, as 
shown in the figure, all points of which are at a distance R from the detector. 
The circumference of this annulus is 2zr sin 6, and the width is r d6, so that its 






DETECTOR 





SPHERICAL SURFACE SOURCE: 
Fra. 10.3. Dose from spherical surface source 
area is 2xr? sin 0d6. If S is the source strength, expressed as particles emitted 


per unit area per second, it is seen that for an isotropic detector the radiation 
received per second from the whole spherical surface is 


D = 2nr°S f, ” G(R) sin 6 dé. (10.59.1) 


The relationship between R, 7, and 7 is given by 


R? = 7? + ro? — 2rro cos 4, 


so that 
2R dR = 2rro sin 6 dé. 


Hence, upon changing the variables from @ to R, equation (10.59.1) becomes 


yr robe 
D = 278 xf G(R)R dR. (10.59.2) 
To Jro—r 
If ro + ris large so that, as an approximation, the upper limit of the integrati 
may be taken as infinity, the integral in equation (10.59.2) will have the s 
form as that in equation (10.57.2), and analytical solution is generally possib 
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10.60. In any event, the integral in equation (10.59.2) may be expressed as 
the difference between two integrals: one with the limits from ro — r to infinity 
and the other from ro + r to infinity. Consequently, 


=i [ons [ G(R)R dR — 2n8 i G(R)R are, (10.60.1) 
To ro—r rotr 
Upon comparison with equation (10.57.2), it is seen that each integral is equiva- 
lent to the dose rate from an infinite plane source, the first as observed at a dis- 
tance ro — r and the second at 7 -+ 7r. Hence, for the same source strengths 
per unit area, equation (10.60.1) can be written as 


D(sphere) = ; [D(inf. plane at 7 — r) — D(inf. plane at ro + r)], (10.60.2) 


so that the dose rate from the spherical source can be expressed in terms of the 
values for two infinite planar sources. If the diameter of the sphere is relatively 
large, the second term on the right of equation (10.60.2) is negligible, and this 
equation becomes 


D(sphere) ~ 7, D (int. plane at 7 — 7). (10.60.3) 
Thus the dose rates to be expected from a spherical source can be calculated from 
the data for an infinite plane source, or vice versa. It is of interest to note that 
equation (10.60.3) implies that the radiation intensity received at the detector 
from the spherical source, after passage through a given shield, is less by a factor 
of r/ro than that due to an infinite plane source (of the same strength per unit 
area) located at the distance of closest approach, i.e., 7» — r, from the detector. 


Isotropic Cylindrical Surface Source 

10.61. The derivation will be given later (§ 10.144), but it is of interest, for 
the sake of completeness, to quote here the expression giving the radiation re- 
ceived from an isotropic cylindrical surface source of infinite length. If 7 is the 
radius of the cylinder and 7 the distance of its axis to the detector (Fig. 10.4), 
then 


D(eylinder) ~ ale D(inf. plane at ro — 1). (10.61.1) 
0 


Since r/ro is here less than unity, Vr/ro is greater than r/ro; the radiation dose 
rate from an infinite cylindrical source thus lies between that due to an infinite 
plane souree, on the one hand, and that due to a large spherical source having 
the same radius as the cylinder, on the other hand. The source strengths per 
unit area are assumed to be the same in all cases, 

10,62. Although equation (10.61.1) applies to an infinite cylinder, it is a good 
approximation for any cylinder that is nob very short in comparison with the 


? 
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‘distance from the detector to the nearest point on the cylinder. The physical 
reason for this is that points on the cylinder that are distant from the detector 
contribute relatively little to the radiation dose. Consequently the radiation 
received from an infinite cylinder would be very little more than from a long 
finite cylinder. However, if the cylinder is short compared with the distance 


to the detector, special methods must be used. 


! 
4 
$ 
i] 
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Fig. 10.4. Dose from cylindrical surface source ‘ 
Example After traversing a shield 6 ft thick, the radiation dose received from a large 
cubical reactor was found to be equivalent to 1 mrem/hr. Estimate the corresponding 
dose rates for the same shield if the reactor were (1) a sphere 3 ft in radius and (2) & 
long cylinder with a radius of 3 ft. The surface source strength, per unit area, is assumed 
to be the same in all cases. 4 
(1) For the spherical surface source, 7 is 3 ft and 79 is 3 + 6 = 9 ft (see Fig. 10,3), 
Since the sphere is relatively large, equation (10.60.3) is a good approximation, so that 


D(sphere) = $D(inf. plane at 6 ft). 


The face of the large cubical reactor behaves essentially as an infinite plane and since 
the dose rate received from it after passage through the 6-ft shield is 1 mrem/hr, the 
dose rate to be expected from the spherical reactor (having the same surface soure@ 
strength per unit area) is 0.33 mrem/hr. 
(2) For the long cylinder, r is 3 ft and 7» is 9 ft (see Fig. 10.4); hence, from equation 

(10.61.1), 
D(cylinder) ~ V% D(inf. plane at 6 ft) 


= 0.57 mrem/hr. 


ABSORPTION AND GEOMETRIC ATTENUATION OF RADIATION 


10.63. The expressions derived above are completely general in chara 
They are independent of the nature of the radiation and also of the nature 
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the point kernel G(R) which gives the dose rate received from a point source as 
a function of R, its distance from the detector. However, in order to make use 
of the results for shielding calculations it is necessary to specify G(R) explicitly. 
As seen in Chapter II, absorption of both neutrons and gamma rays of a given 
energy can be represented by an exponential expression of the form 


I(R) = I(0)e~**, (10.63.1) 


where J(0) and J(R) are, respectively, the radiation intensities before and after 
passage through a thickness FR of shield, and = is the macroscopic absorption 
cross section for the radiation. For gamma rays is equivalent to u, the linear 
absorption coefficient, as pointed out in § 2.116. 

10.64. In reactor shielding the radiations to be absorbed are not monoener- 
getic and, in any event, because of energy degradation in scattering processes, 
the energy distribution of both neutrons and gamma-ray photons does not re- 
main constant throughout the thickness of the shield. Hence, if an exponential 
absorption equation, of the form of (10.63.1), is to be used, the cross sections will 
generally have no precise significance apart from their empirical application to a 
particular set of circumstances. For calculational purposes it is convenient to 
retain the exponential character of the absorption equation, but to modify it by 
writing 


I(R) = I(0)e~®”, (10.64.1) 


where I(#) and J(0) have the same significance as before and , which is equiva- 
lent to the mean free path (§ 2.122), i.e., to 1/2 (or 1/u), for monoenergetic 
neutrons or photons, is called the relaxation length of the shield material for the 
given radiation. It can be seen from equation (10.64.1) that, physically, it is 
the distance (or thickness) of shield in which some property of the radiation, 
e.g., the intensity or flux, is decreased by a factor of 1/e, i.e., 1/2.72. 

10.65. The relaxation length is frequently used in shielding work whether the 
radiation absorption is exponential or not; it may be defined, quite generally, by 


1_ _dm7(R)_ 1s dR) 
hae ie 


TR aR (10.65.1) 


at a point, described by R, in a given medium. Then, if J(R) is an exponential 
function of R, as in equation (10.64.1), the value of \ is constant over the ex- 
ponential range. But, if the absorption is not exponential, the relaxation length 
will vary from point to point in the medium. 

10.66. The simple exponential absorption equation (10.64.1) is strictly ap- 
plicable only to narrow collimated (parallel) beams of radiation since it is based 
on the postulate that scattered particles are completely removed from the radia- 
tion beam. In other words, the scattered radiation can be treated effectively 
as if it were absorbed. However, for a relatively thin layer of absorber, i.e., 
for a thin shield, the exponential equation does represent a good approximation, ; 


’ 
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even if the beam is not well collimated. This is because the increased path 
length and the change in direction of motion after scattering greatly reduce the 
probability that the radiation will reach the detector (Fig. 10.5). On the other 
hand, if the shield is relatively thick, some particles which have suffered two or 
more scattering collisions within the absorber may reach the detector (Fig. 10.6). 
In this case the scattered particles are not removed, and the intensity at the 
detector as calculated from the exponential equation will be too low. 






— See — 


DETECTOR 


——-—- -— — - —. 


DETECTOR — 


SOURCE SOURCE 


Fig. 10.5. Scattering of radiation in Fic. 10.6. Scattering of radiation in thick shield | 


thin shield 


10.67. The effect of scattered radiation is allowed for by means of what is 
called a build-up factor, B(R), which is usually taken to be a function of the shield 
thickness. The exponential absorption equation then takes the general form 


I(R) = B(R)I(O)e—*”, (10.67.1) 


where B(R) depends on the energy of the neutrons or gamma-ray photons. The 
value of B(R) is always greater than unity, but for thin shields, especially when 
R/d (or wR) <1, the build-up factor is approximately unity, ie., B(R) = 1, 
For gamma-ray absorption in thick shields, when R/) (or wR) > 1, the build-up 
factor is very roughly equal to R/ (or uR), ie., to the number of relaxation 
lengths in the shield thickness; this is referred to as a linear build-up factor. For 
fast neutrons, in a water shield at least, the build-up factor is not as large as this, 
because there is a considerable probability that a scattered neutron will not travel 
far before it is captured. The foregoing conclusions may be summarized as fol- 
lows: 


When R/d (or »R) < 1, B(R) ~ 1, for fast neutrons and gamma rays 
When R/d (or pR) > 1, B(R) ~ R/d (or wR) for gamma rays 
B(R) < R/) for fast neutrons. 


10.68. Regardless of whether a shield is thick or thin, in calculating the radiae 
tion intensity at a detector, allowance must be made for the geometric attenuae 
tion resulting from the separation of the detector from the source. If a point 
source emits S particles (photons or neutrons) per sec, then, assuming isotr 
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distribution, the flux at a distance R cm, disregarding absorption, will be S/4aR? 
particles/ (cm*) (sec), since 4h? is the area of a spherical surface at R (cf. § 9.45). 
By combining this result with equation (10.67.1) to allow for absorption of radia- 
tion by the shielding medium separating the detector from the source, it follows 
that the radiation flux, D, at the detector will be given by 
e—k/s 

4rR?’ 


where J(0) has been replaced by the source strength, S, to which it is equivalent. 

10.69. The right side of equation (10.68.1) gives the flux received at a detector 
distant R from a point source. It is consequently equal to SG(R), as derived in 
(§ 10.52), and the expression for the point kernel, G(R), based - exponential 
absorption combined with a build-up factor, is thus 


D = SB(R) (10.68.1) 


g-R 
4rR?- 


This form of G(R) will be used in some subsequent calculations. 


G(R) = B(R) (10.69.1) 


RADIATION FROM INFINITE PLANE SouRCE 


10.70. The use of some of the equations obtained above will be illustrated by 
considering an isotropic plane source.* If this is large, equation (10.57.2) is ap- 
plicable with the point kernel, G(R), expressed by equation (10.69.1). The two 
general cases, which lend themselves to analytical treatment, namely, with the 
build-up factor, B(R), either (1) unity, or (2) linear, will be scauiied: 


Build-up Factor Unity 
10.71. In this case B(R) is unity and combination of e j 
. uations (10.57.2 
(10.69.1) gives for an infinite plane source " ( es 


° o-R/d 
D= Ce 
ans, | dR? RdR 


_ Sa (7 eo 
-&f R dk, 


where S, is the surface source strength, expressed in any convenient units per cm? 
per sec. A new variable, x, defined by x = R/), is now introduced, so that 
a. he 
— Le 


2 nt 





(10.71.1) 


‘The integral in equation (10.71.1) is a form of what is k h . 
; “arte nown as t 
integral function, defined by s the exponential 


* For nomograms which can be used for calculations i i 
noo J, L, Balderston, J. J. Taylor, and G, J. Teasken re nenvintes 
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o e-? 
EQ) = J ae 


values of which may be found in tables.* In the present case n is unity and 
q is equal to 2/d, so that 


(10.71.2) 


D = 48.F: (2) (10.71.3) 
where E;(z/d) is the value of the first order exponential integral function for the 
argument z/A. Hence, for an isotropic infinite plane source of strength S,, the 
rate of penetration of radiation through a shield of thickness z can be obtained 
if \, the relaxation length of the radiation in the shield material, is known, by 
ascertaining the appropriate value of E,(z/)) from tables. If direct experimental 
values of the relaxation length are not available for the medium, ie., the shield, 
separating the radiation source from the detector, \ may be taken as equal to 
1/u for gamma rays or to 1/2 for neutrons. 


Example A large isotropic plane source of fast neutrons emits these particles at the 
rate of S neutrons/(cm2)(sec). Estimate the dose rate behind a shield of ordinary con- 
crete 7 ft thick, assuming a build-up factor of unity. 

Since the plane source is large it may be treated as infinite. The relaxation length of 
fast neutrons in ordinary concrete is approximately 11 em (see Table 10.3), and since 
7 ft is about 213 cm, i.e., 2 = 213 cm, it follows from equation (10.71.3) that the rate 
of escape of neutrons from the shield is given by 


D= aR, (4°) = $719.3) fast neutrons/(cm?) (sec). 


From tables of exponential integral functions it is found that E,(19.3) is close to 2.05 X 
10—° and so D is 1.03 X 10-S neutrons/(cm?2)(sec). (It should be noted that the 7 
thick shield of concrete attenuates fast neutrons by a factor of about 10~”.) 


10.72. When gq, in equation (10.71.2), is large, the exponential integral fun: 
tion reduces to a simple form, namely, 


E,(q) ~ i 
so that 


— 
Ex) ~ ae 


Consequently when 2z/d is large, ie., for relatively thick shields, equation 
(10.71.3) reduces to 


Sad 


Dm ye. (10.72.1) 


Example Recalculate the data of the previous example using the simple approxima 
of taking 2/) to be large. 


*See, for example, “Tables of Sines, Cosines, and Exponential Integrals,” Federal W 
Agency Project, WPA, U. 8, Government Printing Office, 1940, 
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Since 2/) is 19.3, it follows from equation (10.72.1) that 


MAPA —19.: 
>= Da93)° 


= 1.0 X 10S neutrons/(cm?) (sec). 
The difference between this result and that obtained using the actual value of the expo- 
nential integral function is negligible for the present purpose. 


10.73. In most practical situations, z/d is large; that is to say, the shield is 
several, e.g., 20 or more, relaxation lengths in thickness. In these circumstances 


the limiting equation (10.72.1) is completely adequate for many shielding cal- 
culations. 


Linear Build-up Factor 


10.74. When the build-up factor is linear the point kernel is given by equation 
(10.69.1) with B(R) equal to R/, so that for an infinite plane source equation 


(10.57.2) becomes 
“RR ea R/* 
D = 27S, = RdkR 





\ 4rR? 
= & eR AR 
zee ew, 
2 (10.74.1) 


10.75. If this expression is compared with equation (10.72.1), for the case of 
a thick shield with a build-up factor of unity, it is seen that a linear build-up 
factor results in an increase in the radiation intensity by a factor of z/A. As seen 
in the examples given above, this may well be about 20 or so. 

10.76. For thick gamma-ray shields the linear build-up factor usually repre- 
sents a good approximation, and equation (10.74.1) may be used for purposes 
of calculation. For neutrons, however, the build-up factor is probably less than 
z/X, as seen earlier. The actual value of the dose rate, D, will then be somewhere 
between the values given by equations (10.72.1) and (10.74.1). However, since 
itis desirable to be conservative in shielding calculations, i.e., to overestimate 
rather than to underestimate the shielding requirements, it is probably best to 
use equation (10.74.1) for neutrons, as well as for gamma rays. 


Finite PLANE Isotropic SourRcE 


10.77. In the foregoing treatment the plane source has been assumed to be 
large, so that’ it may be treated as being infinitely large. If this approximation 
is not justifiable, equation (10.57.1) for a circular plane source of finite size should 
be used, This may be expressed as the difference between two integrals, the 
limits of integration being z and infinity for one, and V2 + a? and infinity for 
the other, Analytical solutions are then possible for the two cases considered 


’ 
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above, in which the build-up factor is either unity or linear. Although the re- 
sults so obtained apply to a circular plane source, they represent a fair approxi- 
mation for a rectangular source of the same area. 

10.78. A simple, but somewhat approximate, procedure may be employed to 
estimate the dose rate to be expected from a finite plane source if that from an 
infinite source is known.* If D(«) is the dose rate calculated for an infinite 
plane source, then D(a) for a plane circular source of radius a, having the same 
source strength per unit area, is related to it by 


D(@) 
L+e> Te >tt+a 


2r2 (2 
one (; + 1). 
In general, the lower limit, i.e., 4 + a, is a good approximation to the ratio of 


the radiation dose rates received from infinite and finite sources after penetration 
through a shield z in thickness. 


(10.78.1) 
where 


(10.78.2) 


Example Compare the fast-neutron dose rate to be expected from an infinitely large 
plane source with that from a circular source of radius 2 tt, of the same strength per unit 
area, after penetration through a concrete shield 7 ft thick. . j 

The value of a is 2 ft, i.e., 61 cm; z is 213 cm, as before, and for fast neutrons in 
concrete \ is 11 cm. Consequently, by equation (10.78.2), 


ay (213, 4) 
- ae Cr +1) 13. 


The required ratio, which may be taken as roughly equal to } - a, is thus about 1.8, 


10.79. A factor of two is generally within the limits of the errors involved in 
approximate shielding calculations of radiation dose rates. So for many put 
poses the treatment of a finite disk with a radius exceeding 2 ft as an infinite 
plane source does not seriously overestimate the amount of radiation which 
reaches a detector after passage through a specified shield. Physically, the reas 
son for this is that most of the radiation reaching the detector from a plane 
source originates from the central region nearest to the detector. The more dis* 
tant parts of the plane contribute relatively little and their inclusion in calcula 
tions, for simplicity, does not usually introduce a significant error. 


SPHERICAL SURFACE SOURCE 


10.80. The calculation of the radiation received from a spherical surface soured 
after passage through a shield may be performed by combining the general equas 
tion (10.59.2) with the specific expression for the point kernel. In general, h 
ever, it is satisfactory to use the relationship, expressed by equation (10,60,2 


* A more exact treatment, of which the result given here is an approximation, will be fo 
in the appendix to this chapter, 
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between the radiation dose rates to be expected from spherical and (infinite) 
plane surface sources of the same strength per unit area. 


Example Fast neutrons escape from a spherical surface source of 1 ft diameter at the 
equivalent isotropic rate of S neutrons/(cm?)(sec). This surface, which may be that of 
a spherical reactor, is surrounded by a graphite reflector 2 ft thick. Assuming a linear 
build-up factor, estimate the rate at which fast neutrons escape from the reflector. 
Referring to Fig. 10.3, it is seen that in this case r is 0.5 ft and 7 is 2.5 ft; hence 
% — ris 2 ft, ie., 61 cm, and 7 + 7 is 3 ft, ie., 91.5 cm. According to equation (10.60.2), 


D(sphere) = 38 [D(inf. plane at 61 cm) — D(inf. plane at 91.5 cm)]. 


Since a linear build-up factor has been postulated, the infinite-plane dose rates are given 
by equation (10.74.1). The relaxation length for fast neutrons in graphite may be taken 
as equal to the reciprocal of the total macroscopic absorption cross section which is about 
0.11 em; hence A is roughly 9 cm. It follows, therefore, that 


D(sphere) = ; : . (e-81/9 — ¢-81.5/9) 


= 10~4S neutrons/(cm?) (sec). 


(It is evident that the second exponential is negligible in comparison with the first, and 
so it would have been sufficient to use equation (10.60.3) in this instance. The same 
would be true for all cases in which the diameter of the sphere is appreciably greater 
than the relaxation length of the radiation in the shield.) . 


VOLUME-DISTRIBUTED SOURCE WITH SELF-ABSORPTION 


10.81. The discussion so far has referred to surface-distributed sources, al- 
though in practice most radiation sources are distributed throughout a volume, 
©.g., @ reactor or a vessel containing radioactive material. However, it will now 
be shown that the radiation to be expected from a volume-distributed source 
can be expressed in terms of the flux at the surface. Since there is some self- 
absorption of the radiation within the volume itself, appropriate allowance must 
be made, as will be shown below. 

10.82. Imagine a large volume-distributed source having a uniform strength 
of S, particles (neutrons or photons) / (em®)(sec), and consider the annular vol- 
ume element, shown in Fig. 10.7, at a distance R from the point P on the surface 
of the source and lying on the axis of the annulus. The radius of the annular 
element is & sin 0, and its cross sectional area is (R dé)(dR), so that the volume is 
(2rh sin 6)(R dé) (dR), i.c., 2k? sin 6 do dR. The total rate of emission of radia- 
lion from this volume element, in particles per sec, is then obtained upon mul- 
liplying the volume by S,. Since all regions of the annulus are distant R from 


the point P, the flux at the surface due to radiation originating in the annulus 
will be 


Radiation flux at surface 
arising from annular volume ™ 2" 5»@(#)? sin @ do ak, 
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where G(R) is, as before, the point kernel. The total radiation flux at the surface 
due to the whole (infinitely large) volume source is now given by integrating 
this expression over all values of R, from zero to infinity, and all values of 6, 


from zero to 7/2; thus, 
is oo (Px/2 
Total radiation flux _ o,9, f f G(R)R? sin 0d0dR. (1082.1) 
0 0 


at surface 


This quantity has the same value at all points on the surface of the large volume- 
distributed source. 


SELF- ABSORBING 
SOURCE 





Fia. 10.7. Volume-distributed source with self-absorption 


10.83. The build-up factor within the source may be taken as unity, because 
most of the radiation reaching the surface arises from regions near the surface 
that has traversed only a few relaxation lengths in the volume source. Much 
of the radiation from the more distant regions will be absorbed before reaching 
the surface. Consequently it is sufficient to set B(R) equal to unity and to rep- 
resent G(R) by e ””/47R?; the integral in equation (10.82.1) can then be readily 
evaluated. The result is 


Radiation flux at surface = 3S,A, (10.83.1) 


where ) is the relaxation length for the given radiation within the volume source, 

10.84. In order to make use of this result, in conjunction with the equations 
derived previously, such as equation (10.60.3), to calculate the dose rate at & 
distance z from the surface of the volume-distributed source, it must be recalled 
that the equations assume an isotropic source, i.e., with particles emitted uni« 
formly in all directions. The radiation flux given by equation (10.88.1) ref 
to particles leaving the surface in the outward direction only and so it is equiv: 
lent to an isotropic surface source with a strength equal to twice this value, 
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Consequently the strength, S,, of an isotropic surface source which is equivalent 
to the volume source is given by 
Sa = Spd. (10.84.1) 


It may be noted that since S, is expressed as particles/(cm*) (sec) and ) is usually 
given in cm, S, will have the correct dimensions of a surface source strength, 
namely, particles/ (cm?) (sec). 

10.85. Although the result represented by equation (10.84.1) has been derived 
here for the special case of an infinitely large volume source and a build-up factor 
of unity, it can be shown that it is a good approximation in all cases, including 
systems of finite size. The relationship may therefore be used to calculate the 
strength of an isotropic surface source which is roughly equivalent to a given 
volume-distributed source. It is then possible to determine the radiation dose 
rate after passage through a specified shield. 


Example Suppose the core of a natural uranium-graphite reactor, such as the X-10 
reactor at Oak Ridge, consists of a 20-ft cube, containing roughly 50 tons of uranium 
and 400 tons of graphite. Estimate the gamma-ray strength in terms of Mev/(cm?) (sec) 
of an equivalent isotropic source at the surface of the reactor when it operates at a power 
of 3800 kw. 

A power output of 1 watt requires 3.1 X 10" fissions/sec (§ 1.86) and so in the given 
reactor the fission rate is (3.1 < 10")(3800 x 10%) = 1.2 x 10" fissions/sec. The vol- 
ume of the core is (20 X 30.5) = 2.3 X 108 cm’, so that 


1.2 X 10" 
2.3 X 108 


The total energy from both prompt (instantaneous) gamma rays and gamma radiation 
accompanying radioactive decay of the fission products is 12 Mev/fission. In addition 
about another 8 Mev are liberated, per fission, in the form of capture and decay gamma 
radiation within the reactor (see Table 1.5). Consequently some 20 Mev of gamma 
radiation energy are produced per fission. The volume source strength may therefore 
be expressed as 


Fissions/(em*)(sec) = = 5.2 X 108. 


S, = (20)(5.2 X 108) = 1.04 X 10! Mev/(cm') (sec). 


The next problem is to determine the relaxation length, which is equal to 1/u, where 
4 cm is the linear absorption coefficient of the gamma rays produced in the reactor core. 
The exact distribution of the energy in these radiations is very complex, but it appears 
to be a satisfactory compromise to suppose that it has the absorption properties of 
4-Mev gamma rays. The required value of u may be estimated in several ways of 
which perhaps the simplest is the following. From the masses of uranium and graphite 
in the core and the known volume, the average density of the core is found to be 1.76 
w/cm*, According to the data in Table 2.5 (see also § 10.94), the mass absorption 
coefficient, 4/p, for many substances is about 0.032 cm?/g for 4-Mev gamma rays. In 
the present case, therefore, since p is 1.76 g/cm’, the required value of u is about 0.056 
om™! and the relaxation length is 1/0.056 cm-! = 18 cm, It follows then, from equation 
(10,84,1), that the required equivalent isotropic surface source strength is 


Sa = (1.04 X 10'°)(18) = 1.9 10" Mev/(cm?) (sec). 


10.86, Attention should be called to the fact that equation (10.84.1) applies 
only to a volume-distributed source of uniform strength, as postulated in § 10.82. 
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A reactor, as a general rule, is, however, not a uniform source, so that the result 
obtained is not strictly applicable. If the source strength (or power) ee 
S,, can be represented by a simple expression, €.g., & cosine function, as is 0 
the case, it may be possible to perform the integration of equation (10.8 7 
analytically and obtain a result for the equivalent surface source strengt i 
A more approximate approach is to use an average value for the source eee 
and assume it to be constant throughout the reactor core. This method ten 
to overestimate the strength of the equivalent surface source, since it gives equa 
weight to all parts of the volume-distributed source, whereas, as indicated earlier, 
in actual fact most of the radiation reaching the surface arises from the outer 
regions of the volume where the source strength is less than in the interior. 


SHIELDING OF GAMMA-RAY SOURCES 


CALCULATION OF SouRCE STRENGTH 


10.87. As stated in § 10.63, the results obtained in the preceding sections can 
be used to determine the effect of a shield in attenuating either neutrons or 
gamma radiations. The presence of neutrons introduces complications, na 
due to production of secondary gamma rays which must be taken into consi cae 
tion, but for pure gamma-ray sources, such as pipes, vessels, and pumps use a ! 
radioactive liquids, the shielding problem is very much simpler. It is quite “ : 
isfactory in such cases to design the shielding on the basis of straightforwar 
calculations using known absorption coefficients of the proposed shielding ma- 
terials for the particular gamma radiation which is to be absorbed. 

10.88. If a vessel contains g grams of a radioactive species with mass number 
A and half life ¢; sec, the total rate of decay is given by equation Cia as 
4.17 X 10%g/Atz dis/sec. If y is the average number of gamma-ray photons 
produced in each act of radioactive decay (cf. § 9.50), then 


ye 4.17 X 10%gy 
Rate of gamma-ray emission = eee photons/sec. (10.88.1) 
When a mixture of radioelements is present, allowance must be made for all “a 
gamma emitters in the vessel. In general, it is preferable to express the rate 0 


emission in terms of energy. Equation (10.88.1) can then be written in the form 
ane gEy 
Rate of gamma-ray energy emission = 4.17 X 10” 2s Ah Marine 
(10.88,2) 


where EF is the photon energy in Mev; the summation is carried over all mh a 
species present. If the result is divided by the volume of the vessel, t 7 Ww. 

be obtained the source strength, expressed in Mev/ (cm*) (see), of the unifo 
volume-distributed source of gamma radiation. From this the correspon 
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equivalent surface source strength can be calculated and the thickness of shield- 
ing required to reduce the radiation to a prescribed value can then be determined. 

10.89. In the case just cited it is assumed that the weights of the various radio- 
elements in the vessel to be shielded are known. However, in many instances 
it may be that the numbers of curies (or millicuries) present, rather than the 
weights, have been determined. In this event, the calculations will be based 
on the definition (§ 2.14) that the curie represents a disintegration rate of 


3.7 X 10 per sec. The expression for the rate of gamma-ray energy emission 
then becomes 


Rate of gamma-ray energy emission = 3.7 X 10” » CEy Mev/sec, 


where C is the number of curies of radioelement present. The source strength 
can now be evaluated in the manner already described. 

10.90. Although these two examples cover many cases encountered in pure 
gamma-ray shielding, other circumstances arise from time to time. One of these 
is concerned with the activity induced in a coolant, as a result of neutron ab- 


sorption, during its passage through a reactor. This situation will be considered 
shortly. 


GAMMA-RAY ABSORPTION COEFFICIENTS 


10.91. In order to complete the calculations of shield thickness it is necessary 
to know, of course, the relaxation lengths (or the linear absorption coefficients) 
of the given gamma radiation both in the volume source and in the shielding ma- 
terial. Considerable data, some of which were given in Chapter II, are available 
concerning absorption coefficients of various substances for gamma, radiation 
over a large range of energies.* However, unless the radiation to be shielded 
against is monochromatic, i.e., it consists of photons of a single energy or has 
a well-defined energy spectrum, so that the energy distribution is known, the 
exact absorption coefficients are of little use in shielding calculations. 

10.92. For most practical purposes it is adequate to employ a single value of 
the linear absorption coefficient for each absorbing material, namely, that cor- 
responding to a photon energy of about 4 Mev. It happens that, for most sub- 
stances of interest in shielding, this is at, or close to, the minimum to which 
reference was made in § 2.64. Consequently, if this value is used in calculating 
the shield thickness required in any particular case, the result is almost certain 
10 be somewhat conservative. This is, of course, a desirable feature, provided 
small increase in the mass of the shield can be tolerated. 

10.93. Some values, suitable for shielding calculations, of the linear and mass 
Absorption coefficients of a number of materials of interest to the reactor field 
are recorded in Table 10.2. Data for a few substances, such as beryllium, beryl. 


*W. 8. Snyder and J. L. Powell, Report AECD-2739; G, R. White, National Bureau of 
Miandards Report 1008, 
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TABLE 10.2. GAMMA-RAY ABSORPTION COEFFICIENTS FOR SHIELD DESIGN 


Material u (cm) p (g/cm’) u/p (cm?/g) 
Uranium 0.72 18.7 0.038 
Tungsten 0.68 19.3 0.035 
Lead 0.48 11.3 0.042 
Tron 0.27 7.8 0.034 
Beryllium oxide 0.076 2.3 0.033 
Concrete 0.073 2.3 0.032 
Boron carbide 0.072 2.5 0.029 
Beryllium 0.053 1.85 0.029 
Graphite 0.052 1.62 0.032 
Water 0.033 1.00 0.033 
Sodium 0.030 0.93 0.032 


lium oxide, graphite, and sodium, which would not normally be used in shields, 
are included because they may be present in a reactor and thus make an inci- 
dental contribution to the shielding. ; 
10.94. If the radiation absorption is exponential in character, with a build-up 
factor that is either unity or linear, the thickness of material required to produce 
a specified fraction of absorption is inversely proportional to the linear absorp- 
tion coefficient. In view of the parallelism between the values of H and of the 
densities p in Table 10.2, it is evident that the more dense the material, the thin- 
ner the shield. The relative mass of shielding material, for a given degree of 
attenuation, is equal to the thickness multiplied by the density and hence is 
inversely related to u/p, the mass absorption coefficient (§ 2.66). Values of the 
latter, as recorded in the last column of Table 10.2, are seen to be approximately 
constant, so that the weight of the gamma-ray shield is essentially independent, 
of the material. As pointed out in § 2.67, this approximate constancy of h/ py 
at about 0.032 cm?/g, may be used to obtain a rough value of the linear absorp- 
tion coefficient for 4-Mev gamma radiation of any material of known density, 


CALCULATION OF SHIELD THICKNESS 


10.95. With the information given above and some of the results derived 
Chapter IX, it is now a relatively simple matter to calculate the thickness of 
shield required to reduce the radiation dose rate to any specified value. The 
general procedure to be used for a point source was given in Chapter [X, and 
the somewhat more complicated problem of a volume-distributed source will 
be considered here. It was seen in § 9.61 that the minimum permissible dose 
rate of 7.5 mr/hr corresponds to a gamma-ray energy flux of about 4000 Mev/ 
(cm?) (sec), assuming an exposure of 40 hr/week. To determine the thickn 
of a shield which will reduce the radiation to a value not exceeding the maxim 
permissible amount, it is necessary to relate this intensity to the energy sou 
strength, as given by equation (10.88.2), using equations already derived. 
general procedure may be illustrated by means of an example. 


Li 
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Example As it circulates, the liquid sodium coolant of a reactor, operating at a flux of 
4 X 10" thermal neutrons/(cm?) (sec), passes through a horizontal cylindrical tank, 4 ft 
long and 2 ft in diameter. Determine the thickness of a shield of special concrete 
(density 3.4 g/cm*) required to reduce the gamma-ray dose from the end of the tank 
(due to sodium-24) to the maximum permissible value. Assume that about half of the 
circulating sodium is within the reactor itself, and that the cycle time is short in com- 
parison with the half life of sodium-24 (15 hr). 

If all the sodium were exposed to neutrons, the equilibrium activity of the sodium-24 
would be 2@ dis/(cm*)(sec), where = is the macroscopic absorption cross of sodium for 
thermal neutrons and ¢ is the flux, in the usual units (cf. § 2.121). However, in the 
present case only half of the sodium atoms present are exposed to neutrons in the reactor, 
but all the sodium-24 formed decays. It is found, therefore, that the equilibrium activ- 
ity of the sodium-24 is 42¢ dis/(cm)(sec) within the reactor. It has been postulated 
that the time the sodium spends outside the reactor is short in comparison with the 
half life of sodium-24; consequently the activity of the sodium in the tank (outside the 
reactor) may be taken as equal to the equilibrium activity in the reactor. 

The microscopic absorption cross section for sodium is 0.46 barn; its atomic weight is 
23 and the density of the liquid is about 0.93 g/cm, It follows from equation (2.113.2), 
therefore, that = is 0.011 em—. Since ¢ is 4 X 10® neutrons/(cm?) (sec), it is found that 
the equilibrium activity is given by 


Activity of sodium-24 = (3)(0.011)(4 x 10'3) 
= 2.2 X 10" dis/(cm*)(sec). 


livery disintegration of a sodium-24 nucleus is accompanied by the emission of two 
photons, with energies of 1.38 and 2.75 Mey, respectively. Hence the rate of gamma-ray 


energy emission is obtained upon multiplying the disintegration rate by 1.38 + 2.75 = 
4.13 Mev; thus 


Rate of gamma-ray energy emission = (2.2 X 10") (4.13) 
= 9.1 X 104 Mev/(cm!) (ser). 


This quantity represents the actual volume source strength per unit volume, and the 
equivalent (isotropic) surface source strength per unit area is obtained upon multiplying 
by the relaxation length of the gamma rays in the sodium (cf. § 10.84). From Table 
10.2 it is seen that pv is 0.030 em— and so the required relaxation length is 33 cm. The 
value of S, is thus (33)(9.1 x 10") = 3.0 X 10% Mev/(cm?2)(sec). It may be pointed 
out that this estimate is probably rather high, because the relaxation lengths of 1.38- 
and 2.75-Mev gamma rays, for self-absorption in sodium, are certainly less than 33 cm. 
However, since it is usually preferable to be on the safe side in shielding calculations, the 
result derived above will be used. 

By combining equation (10.74.1) for the dose rate from an infinite plane source, assum- 
ing a linear build-up factor, with the conversion factor $ + a (§ 10.78), it is found that 


for a disk source of finite size 
$8. e~#/9 
D= “ 5 
1, 2W2*/z 
2 + a’ (5 t 1) 
In the present case the finite disk is the end of the oylindrical tank, so that a is 1 ft, 
1.., 80.5 em; S, is the equivalent surface source strength derived above, i.e., 3.0 * 10" 


Mev/(om*)(#ec); and \ is the relaxation length, equal to 1/4, of the gamma radiation 
in the specified concrete, If the latter in not known, it may be estimated from the 
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conclusion reached in § 10.94, namely, that u/p has the approximately constant value 
of 0.032 cm?/g for gamma rays of interest in shielding. The density of the concrete is 
given as 3.4 g/cm’, so that u is about 0.11 cm and X is, consequently, 9.0 cm. 

In order to determine the thickness, z, of shield required to reduce the radiation to 
the maximum permissible value, D in the equation given above is set equal to 4000 
Mev/(cm?) (sec), these being the correct units, and the values for S,, a, and ) are inserted; 
thus 


1 13) 9 —2/9 
4000 = (3) (8.0 X 10) e : 


a 3 Bo (E+ 1) 





2 (30.5)? 


This transcendental equation may be solved by trial-and-error or graphically; the solu- 
tion is found to be z = 190 cm (approximately) or 6.3 ft, which is the required shield 
thickness.* 


10.96. It should be noted that the result just obtained represents a maximum 
value of the shielding required, for several reasons, only two of which need be 
mentioned here. In the first place, the calculations are based on the supposition 
that the detector is located along the axis of the cylinder, which is the point of 
closest approach. Second, the tacit assumption has been made that there is no 
gap between the end of the tank and the face of the shield. In actual practice, 
there will almost always be an appreciable space, and this will result in purely 
geometric attenuation according to the inverse-square law. The amount 
whereby the thickness of the shield can be decreased to take advantage of this 
attenuation can be readily calculated (cf. § 10.107). 


10.97. There is another matter in connection with the foregoing calculation 


to which attention should be called. It is the fact that the length of the cylinder 


containing the sodium does not enter into the final result. This cannot, of — 


course, be strictly correct, but since, as already mentioned, the more distant 
source regions contribute a relatively small proportion of the actual radiation 
dose rate at the detector, the length of the cylindrical vessel may be ignored in 
approximate calculations, such as those made above. 


DESIGN OF REACTOR SHIELDS 


INTRODUCTION 


10.98. The most fundamental procedure for designing a shield for a reactor 
would be to make use of basic data concerning absorption and scattering cross 
sections of neutrons and the absorption coefficients of gamma rays together with 
transport theory (§ 3.8) or its equivalent, to describe the passage of neutrons 
and photons. However, the phenomena occurring in a reactor shield are so 
complex, as seen in the early sections of this chapter, that this approach would 
be extremely difficult. In addition, the detailed knowledge of cross sections for 
elastic and inelastic scattering of neutrons over a considerable range of energies, 


*TIf the infinite-plane to finite-plane correction factor (4 + a) is omitted, solution of the 


equation is greatly simplified; z is then found to be 200 em, which is a good first approximation, — 
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which would be necessary for these calculations, is not available. It is possible 
that in due course reactor shields will be designed in this manner, but at the 
present time recourse must be had to other procedures which are either approxi- 
mate or are largely empirical in character. These procedures fall into two general 
categories, namely, (1) direct calculation methods which utilize relaxation 
lengths or cross sections and (2) comparison methods based on experimental 
measurements with shield mock-ups. 


UsE oF RELAXATION LENGTHS 


10.99. Shields for stationary reactors, when weight is not of prime significance, 
are designed with a considerable factor of safety, so that approximate calcula- 
tions are adequate to provide at least preliminary design information. Such 
calculations, which are similar to those already described in connection with the 
shielding of gamma-ray sources, make use of known (or estimated) relaxation 
lengths for fast neutrons and gamma rays. Some approximate values of these 
relaxation lengths for materials of interest in shielding are recorded in Table 
10.3. Data for graphite, beryllium, and beryllium oxide are included, since the 


TABLE 10.38. RELAXATION LENGTHS FOR FAST NEUTRONS AND 
GAMMA RAYS 





Relaxation Length (ecm) 
Density — 
Material (g/cm') Fast Neutrons | Gamma Rays 

Water 1.0 ~10 30 
Graphite 1.62 ~9 19 
Beryllium 1.85 ~9 18 
Beryllium oxide 2.3 ~9 14 
Concrete 2.3 11 15 
Aluminum 2.7 ~10 13 
Barytes concrete 3.5 8.0 10 
Iron concrete 4.3 6.3 8 
Tron 7.8 ~6 3.7 
Lead 11.3 ~9 2.5 


reflector may make an appreciable contribution to the attenuation of the radia- 
tion escaping from a reactor core. 

10.100. It should be understood that the figures in Table 10.3 represent some- 
thing in the nature of a compromise. Both the neutrons and the gamma radia- 
tion from a reactor cover a considerable energy spectrum, so that in exact shield- 
ing calculations it would be necessary to take into account the nature of these 
spectra and the variation of the relaxation lengths with energy. However, be- 
cause of the complexity of the situation, it is doubtful whether this can yet be 
done with any degree of certainty, Until more precise (but more involved) 


610 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [10.100 


methods are developed, it is probably sufficient to use a simple approach based 
on a single, partly empirical, relaxation length for each type of reactor radiation. 

10.101. It will be apparent, from the fact that no data have been included 
for thermal neutrons, that such neutrons are neglected in shielding calculations. 
It has been found by experience, in agreement with expectation, that, provided 
a suitable shielding material is used, as explained earlier, the absorption of slow 
neutrons is no problem. Any shield which sufficiently attenuates the fast neu- 
trons and the primary and secondary gamma radiations will inevitably reduce 
the thermal neutrons to an adequate extent. 

10.102. The calculation of the shield thickness required to decrease the fast 
neutrons and primary gamma rays to permissible values involves the determina- 
tion, first, of the volume source strength per unit volume. This is then con- 
verted into the equivalent (isotropic) surface source strength per unit area, and 
the shield thickness necessary to produce a prescribed dose rate is then calculated 
in the manner already described for gamma rays. 

10.103. The treatment of the secondary gamma rays, which are formed as a 
result of inelastic scattering and ultimate capture of the fast neutrons within the 
shield itself, however, presents a difficulty. Since these radiations are produced 
more or less throughout the whole thickness of the shield, it is not possible to 
ascribe to them a definite source. An approximate method is consequently used 
which is known to represent a conservative (or safe) approach to the problem. 
In this treatment it is supposed that all the fast neutrons entering the (biological) 
shield are captured at a distance within the shield equal to 7/A, called the age 
displacement, where 7 is the Fermi age (§ 3.90) of thermal neutrons in the shield 
material and ) is the relaxation length for fast neutrons. In other words, the 
secondary gamma rays are all supposed to emanate from a plane lying a distance 
7/X within the shield (Fig. 10.8). Since the value of r for the shield material 
is not always known, it is probably a close enough approximation to assume that 
in most cases the age displacement is about 30 cm or 1 ft. 

10.104. The fluxes corresponding to the maximum permissible radiation ex- 
posure, as given in Chapter IX, are about 30 fast neutrons/(cm?)(sec) or 4000 
Mev photons/(cm?)(sec). Since the radiation escaping from a reactor will con- 
sist of both fast neutrons and photons, the permissible amounts, used in calculat- 
ing shield thickness, must be less than these values. For purposes of illustration, 
in the example given below, it will be supposed that the neutron dose rate must 
not exceed 10 fast neutrons/(cm?)(sec) and that the primary and secondary 
gamma-ray energy fluxes must each be not more than 1000 Mev/(cm?)(sec), so 
that the total dose would still be somewhat less than the maximum permissible 
amount. 


Example A reactor of the Oak Ridge X-10 (natural uranium) type consists of a 20-ft 
cube core surrounded by a 2-ft thick graphite shield, as described in the example in 
§ 10.85. Estimate the thickness of an ordinary concrete shield that would be required 
for such a reactor, for operation at a power of 38800 kw. 


7 
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Fast Neutrons As seen in the example cited, when operating at the specified power, 
fissions occur in the reactor at the rate of 5.2 X 108/(cm3)(sec). Since each act of fission 
of uranium-235 is accompanied by the liberation of about 2.5 fast (fission) neutrons 
(Table 1.3), the fast-neutron (volume) source strength may be taken as 


Fast-neutron source strength = (2.5)(5.2 X 108) 
= 1.3 X 10° fast neutrons/(cm*) (sec). 


The equivalent surface source strength is then obtained, in accordance with equation 
(10.84.1), upon multiplying this result by the relaxation length of fast neutrons in the 


Vz | | RCE 
le EFFECTIVE SOU 


OF SECONDARY 
GAMMA RAYS 


REACTOR Z 
4 Xx 


SHIELD 
Fic. 10.8. Effective source of secondary gamma radiation from reactor 
reactor core. Since the latter consists mainly of graphite, the required relaxation length 


may be taken as 9 cm (Table 10.3), although this is probably somewhat of an over- 
estimate. Consequently, 


(1.8 X 10°)(9) 
= 1.2 X 10” fast neutrons/(cm?) (sec). 


Equivalent surface source strength 


The next step is to determine the attenuation of the fast neutrons in the 2-ft thick 
graphite reflector. This can be obtained by means of equation (10.74.1) with S, equal 
to 1.2 X 10*°/(em?)(sec), A being 9 cm, and z is 61 cm (2 ft); thus 


1.2 X 10° 


Fast neutrons leaving the reflector 2 e819 


6.6 X 10° fast neutrons/(cm?) (sec). 


This quantity now represents half the isotropic surface source term for the concrete 
shield (cf. § 10.84); for the latter, the relaxation length for fast neutrons is given in 
Table 10.3 as 11 cm, and since the permitted dose has been set at 10 fast neutrons/ 
(om®) (sec), the thickness z of the shield is given by 


ty (6.8.x 10) vu, 


#0 that ¢ is readily found to be about 150 em, 


Primary Gamma Rays This aspect of the problem is exactly the same as that con- 
xidered in the example following § 10,85, It was shown there that the equivalent sur- 
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face source strength, in terms of the energy flux, is roughly 19 x 10" Mev/(cm?) (sec). 

Taking the relaxation length for the primary gamma rays in graphite as 19 cm, the 

gamma-ray energy flux escaping from the reflector is found to be 

1.9 x 104 P 
2 


Gamma-ray energy leaving the reflector = fue 


= 3.8 X 10° Mev/(cm?) (sec). 


and the isotropic source term for the concrete shield is twice this amount. The per- 
missible dose rate for the primary gamma rays is to be taken as 1000 Mev/(cm?) (sec), 
and since the relaxation length for gamma rays in ordinary concrete is 15 cm, the required 
shield thickness is obtained by solving the equation 
9 

1099 = 2ESX 10% - an, 

from which z is 230 cm. ; 
Secondary Gamma Rays As seen above, the equivalent (isotropic) fast-neutron surface 

source strength leaving the reflector and entering the concrete shield is (2)(6.6 X 10°) 
neutrons/(cm?)(sec). Each neutron may be supposed to produce one secondary gamma- 
ray photon of 4-Mev energy, originating at 30 cm within the shield, as postulated in 
§ 10.103. The thickness of shield required to attenuate these secondary gamma rays to 
1000 Mev/(cm?)(sec), is then obtained from the relationship 


‘6 
1009 = M26 X 109 5, 


according to which z is 150 cm. To this must be added the 30 cm allowance for the 
origin of the radiation, so that the total shield thickness required would be 150 + 30 = 
180 cm. 

It is evident in the present case that the limiting factor in determining the shield 
thickness is the primary gamma radiation; this requires a thickness of about 230 cm of 
concrete. Such a shield will reduce the fast neutrons and the secondary gamma rays t0 
negligible proportions, and the primary gamma rays will produce a dose rate roughly 
one fourth of the maximum permissible value. 

(The shield of the X-10 reactor consists of 2 ft of ordinary concrete and 5 ft of a 8 
cial concrete of density 2.4, so that the total would be equivalent to roughly 7.23 
i.e., about 220 cm, of ordinary concrete. The agreement with the calculated thickn 
of 230 cm is probably as good as could be expected, since single (averaged) values w 
used for the relaxation lengths and all data were restricted to two significant figu 
It would appear, therefore, that the procedure described may be employed, as sta 
earlier, to provide a useful first approximation for shield design.) 


10.105. In the example given above the absorption of the primary gammi 
radiation determined the shield thickness. It happens that for this particul 
reactor the fast neutrons and gamma rays must each be attenuated by a factor 
of a little over 10-8, and since the relaxation length in both graphite and coner 
is greater for gamma rays than for neutrons (Table 10.3) the former require 
greater thickness of shield. If the shielding material had contained a large p 
portion of iron, lead, or other heavy element the situation could very well hw 
been reversed, since in these cases the relaxation length is larger for fast neut 
than it is for gamma rays. Another possibility is that the reactor characteri 
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are such that the fast neutrons need to be attenuated to a much greater extent 
than the primary gamma radiation. In this event, the fast neutrons, or even 
the secondary gamma rays, might determine the shield thickness. 

10.106. It may be noted, too, that according to the calculations given the X-10 
shield does not by any means satisfy the requirement for an efficient shield men- 
tioned in § 10.30, namely, that the fast neutrons and gamma rays should be re- 
duced to their maximum permissible values at about the same place. This is, 
of course, again due to the nature of the shielding material, in which the relaxa- 
tion length is appreciably greater for gamma rays than for fast neutrons, al- 
though both radiations have to be attenuated by roughly the same factor. Some 
improvement would be achieved by the use of a heavy concrete, although more 
nearly ideal conditions would result if sheets or layers of iron or lead could be 
introduced into the shield in some manner, An efficient shield, from the stand- 
point of weight, could thus be constructed from alternate layers of heavy metal 
and water, and such shields have, in fact, attracted some interest (§ 10.30). 


ATTENUATION BY DISTANCE IN SHIELD DESIGN 


10.107. If the circumstances are such that personnel can be kept at a good 
distance from a reactor when it is in operation, it is possible to effect a consid- 
erable saving in the thickness (and cost) of the shield. This fact should be borne 
in mind, since it may be highly significant in shield design. The situation arises 
because of the inverse-square-law attenuating effect of distance. Suppose that 
just outside a shield of 7 ft thickness the total radiation dose rate is equal to 
the maximum permissible value. At a farther distance of, say, 28 ft in air, 
representing a total distance of 35 ft from the reactor face, the radiation dose 
will be reduced to a factor of (7/35)2, ice., 0.04, of the maximum, irrespective of 
absorption in the air. Consequently, if it were possible to prevent operating 
personnel from coming closer than 28 ft from the shield exterior when the reactor 


Was Operating, it would be possible to decrease the shield thickness and still re- 
(ain the same radiation dose rate. 


Veample By how much could the thickness of the X-10 (natural uranium) reactor 
shield be decreased on a face to which access was restricted to a distance of more than 
5 ft from the reactor itself? 

Since the thickness of the X-10 reactor shield is 7 ft, the dose rate at 35 ft from the 
toactor is, as seen above, 0.04 of the value just outside the shield. The factor of 0.04 is 
vory close to e~*, so that the attenuation due to distance is equivalent to 3.2 relaxation 
longths. As seen in the problem given above, the primary gamma rays determine the 
thickness of the X-10 shield, and for these radiations the relaxation length is about 


1h om, The shield thickness could thus be reduced by about (3.2)(15) cm, ie., 48 em 
or 16 ft, / 


10,108, It is opportune to mention here that reactors must be shielded in all 
(lirections even if there is no access to one or other of the faces. For example, 


Mppose access to the top of a reactor is completely prohibited while the reactor 
in In operation. Nevertheless some shielding of the top is necessary. This is 
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because neutrons and gamma rays escaping from the top of the reactor would 
be scattered downward by the nuclei (or atoms) present in the air and by the 
roof and walls of the building. As a result operating personnel might be ex- 
posed to radiation which reached them in an indirect manner. Some shielding 
is thus necessary for inaccessible faces of a reactor and, in fact, for any source 
of radiations, whether they are neutrons or gamma rays or both. Methods for 
calculating the extent of scattering have been developed, but they lie outside 
the scope of this book. 


ErrectTivE Removaut Cross SEcTIONS 


10.109. In another calculation method of shield design, an attempt is made to 
utilize cross sections to estimate neutron attenuation. It has been applied hith- 
erto only to shields in which water is the moderator and the main absorber of 
slow neutrons. Instead of using basic data, which are, in any case, not available 
and are difficult to apply (§ 10.98), a semiempirical approach is employed. A 
quantity known as the effective removal cross section of a material, such as lead 
or iron, is determined by experimental observations of the decrease in fast- 
neutron dose rate resulting from the insertion of a slab of this material in a water 
shield. 

10.110. The effective removal cross section, which is partly due to scattering 
and partly to absorption, does not have a precise physical significance, since it 
may be expected to vary with neutron energy and, consequently, with the posi- 
tion of the material in the shield. Nevertheless, empirical removal cross sec- 
tions, assumed to be independent of energy, have been assigned to various ma- 
terials. It appears, from theoretical considerations, that, for elements of low 
mass number, the effective removal cross section should be almost equal to the 
total cross section for interaction with fast neutrons, i.e., to 2rR?, where R is 
the nuclear radius (cf. § 10.18), since almost every interaction of a fast neutron’ 
with a nucleus results in the ultimate removal of the former. For heavy nuclei, 
on the other hand, only about half of the elastic collisions are effective in causing 
removal of fast neutrons, although essentially all of the inelastic collisions, ag 
well as other interactions, lead to neutron removal. The effective removal cross 
sections are then roughly equal to 37R?. For nuclei of intermediate mass the 
effective removal cross sections lie between the two values indicated. 

10.111. Suppose a shield consists of a z cm layer of water and a slab of thick- 
ness x cm of another material which either scatters or absorbs fast neutrons, or 
does both. Let Do(z) be the dose rate observed from a given source (or reactor) 
after passing through a thickness z cm of water only. Then the dose rate 
D(z, x) from the same source for the postulated shield will be 


D(z, z) = e~** D(z), (10.1111) 


where 2, em is the effective macroscopic removal cross section of the material 
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this is related to the effective (microscopic) removal cross section, o,, in the usual 
manner, by equation (2.113.2). 

10.112. Some values for the effective removal cross sections of a number of 
elementary materials in a water shield are recorded in Table 10.4. These results 


can be fairly well represented over a considerable range of atomic weights by 
the expression 


o, = 0.01144 + 0.5644 — 0.35 barn, 


EFFECTIVE CROSS SECTION, BARNS 
“ a 





0 20 40 60 80 100 120 140 160 
MASS NUMBER 


180 200 220 249 
Fig. 10.9. Effective removal cross sections for fast neutrons (E. P. Blizard) 
where A is the atomic weight of the element. This is shown by Fig. 10.9 in 


which the full line is a plot of this equation, with the experimental points inserted 
for a number of cases. As a matter of interest, the dotted curve indicates the 


TABLE 10.4, EFFECTIVE REMOVAL CROSS SECTIONS 
FOR FAST NEUTRONS 
Material At. Wt. o,, barns 
Liat icis's Orbit hd ae 207 3.4 
Te ation iA, Kas. | 56 2.0 
Conner: Gehan th Bote 63.5 2.0 
Aluminum... ........0..5, 27 1,2 


Carbon (graphite). ....... 12 0,84 
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values of 27R? (n barns), which may be taken as the total cross section for fast- 
neutron interaction. 

10.113. In principle, the data in Table 10.4 might be used in conjunction with 
equation (10.11!.1) to calculate the approximate dose rate of fast neutrons that 
would penetrate any shield consisting of x cm of the material and z cm of water 
surrounding a specified reactor. The other information necessary would be the 
fast-neutron dose rate for the same reactor with a shield of z em of water only. 
This can be obtained from experimental measurements. 

10.114. Rather than place too much reliance on the effective removal cross 
sections, as would be required by the procedure in the preceding paragraph, a 
preferable application would be to use the data to determine the effect of replac- 
ing one materia by another in a particular water shield. The calculations are 
based on the requirement of the exponential absorption law that the thickness 
of material needed to produce a certain degree of attenuation of radiation is 
inversely proportional to the macroscopic cross section. 


Example Compare the thicknesses and masses of iron and lead which would be required 
to produce a spedfied degree of attenuation of fast neutrons in a given water shield. 

According to the exponential absorption law, e.g., equation (10.111.1), a specified de- 
gree of attenuatim of fast neutrons means that 2,7 is constant, and so the thickness, 
x cm, of iron or lesd required is inversely proportional to its macroscopic effective removal 
cross section. According to equation (2.113.2), 


(7.8) (Na) 
(56) 


since the density f iron is 7.8 g/cm?’ and its atomic weight is 56; o,, as given in Table 
10.4, is 2.0 barns. Similarly 


2, for lead = 


>, for iron = 2.0 X 10-*% cm—, 


(11.3) (Na) 
(207) 


where the density is 11.3 g/cm, the atomic weight is 207, and a, is 3.4 barns. Hence, 


3.4 X 10-4 em, 


2, for iron _ 


>, for lead 19, 


and the relative tiicknesses, which are inversely proportional to the macroscopic cross — 


sections, are then 1.5 of lead to 1 of iron. The relative masses are obtained upon 
multiplying by the ratio of the densities; the result is that a given mass of iron is as 
effective as 2.2 tines that mass of lead, for the attenuation of fast neutrons in a given 
water shield. (This is in agreement with the prediction in § 10.19 that an element of 
lower mass number will give a neutron shield of lighter weight than one of higher mass 
number.) 


10.115. It should be emphasized that the effective removal cross sections are 
strictly applicable to shields consisting of alternate layers of the material and 
water, so that essentially no neutrons travel very far after their first interactions 


before they are sowed down and captured, In general, it is necessary that the 
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shield contains an appreciable proportion of hydrogen, fairly uniformly distrib- 
uted, if the data in Table 10.4 or Fig. 10.9 are to be used for calculations. The 
minimum proportion of hydrogen that will satisfy the requirement is not known 
exactly, but it is probably met by something of the order of 10 per cent of the 
weight of the shield as water. 


GAMMA-RAY REPLACEMENT LENGTHS 


10.116. Because of the production of secondary gamma radiation throughout 
a large proportion of the reactor shield, the direct calculation of attenuation is 
very difficult and an approximate procedure was described in § 10.103. Another 
method of calculation is based on the use of empirical relaxation lengths some- 
what analogous to the effective removal cross sections for neutrons. The effect 
of introducing a heavy metal, such as lead or iron, into a water shield can be 
expressed in terms of a replacement length, 1. This is defined in the following 
manner. Let I; be the gamma-ray dose rate as received at the exterior of a 
shield containing water, and let I, be the value when a layer of metal of thick- 
ness ¢ cm is introduced, replacing some of the water; then 


T, = Tye-t!?, (10.116.1) 


indicating that the replacement length is a kind of relaxation length. For prac- 
tical purposes, equation (10.116.1) may be written as 


Pat eee, (10.116.2) 
In (T/T 2) 2.303 log (T/T 2) 


so that J can be determined directly. 

10.117. The replacement lengths are functions of many variables such as posi- 
tion in the shield, total shield thickness, over-all composition of the shield, and 
the nature of the radiation source. In spite of this they have been found to be 
of considerable use in estimating the effect on gamma-ray attenuation accom- 
panying the addition or removal of small thicknesses of metal within the shield. 


Example In a spherical lead-water shield, the replacement length was found to be 
3.6 cm at a radius of 90 cm and 2.3 cm at a radius of 120 cm. (The value of J is less 
farther from the source because of the decrease in the gamma-ray energy due to scatter- 
ing and the corresponding increase in the absorption coefficient.) Which is the better 
location of an additional layer of lead, from the standpoint of minimizing the weight of 
the shield? 

Suppose the additional lead is to reduce the gamma-ray dose rate outside the shield 
by half, i.e., let 1,/[', = 2. Then, by equation (10.116.2), when r is 90 cm, so that 1 is 
3.6 om, ¢ is 2.50 em; and when r is 120 cm, / is 2.3 cm, and ¢ is 1.59 em. The volumes 
of the respective spherical shells are then (47)[90 + (4  2.50)]*(2.50) cm? at 90 cm, 
and (4m)[120 4- (4 X 1.59)]2(1.59) em* at 120 em, These quantities are in the ratio of 
about 1 to 1,1, so that a saving in weight would be expected if the layer of lead were 
placed at the 90-cm-radius position, . 
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ComPpaARISON MernHop oF SHIELD DESIGN 


10.118. There is no doubt that safe shields can be designed with the aid of 
calculations based on relaxation lengths or cross sections by taking a conservative 
approach. However, such shields may well be thicker and, consequently, heav- 
ier and more costly than is really necessary. Where weight or economic con- 
siderations are paramount, it is necessary to use the comparison method of shield 
design. This procedure involves, first, the proposal of a design scheme based 
upon a general knowledge of shielding theory and materials, such as has been 
presented in the earlier parts of this chapter, and upon experience. A partial 
mock-up of the proposed design is then constructed, and extensive measurements 
are made of dose rates of fast and slow neutrons and gamma radiation for various 
thicknesses of the shield. For this purpose a convenient radiation source, to be 
described below, is used, and the experimental results are transformed, by means 
of the equations already derived, to those to be expected from the particular 
geometry for which the shield is intended. An example of the calculation pro- 
cedure will be given later. 

10.119. Although the comparison method is the most reliable at present avail- 
able for shield design, it suffers from the drawback that every fresh proposal re- 
quires the construction of a new mock-up and a repetition of the measurements. 
However, as information and experience are accumulated, the problem of shield 
design will be considerably simplified and fewer tests will be necessary. 


EXPERIMENTAL FACILITIES 


10.120. In recent years, much experimental work on reactor shields has been 
performed with the Lid Tank Shielding Facility (LTSF) and the Bulk Shielding 
Facility (BSF) at Oak Ridge National Laboratory. In addition, a facility some- 
what similar to the LTSF, but with several improvements, has been set up at 
Brookhaven National Laboratory. 

10.121. In the LTSF * a circular plate, 35.6 cm in radius, consisting of a 
closely packed, flat array of natural-uranium fuel elements, is placed over a 
hole which extends through one side of the concrete shield of the natural-uranium 
reactor at Oak Ridge (Fig. 10.10). Thermal neutrons escaping from the reactor 
cause the uranium-235 to undergo fission, and a large proportion of the neutrons 
and gamma radiation produced enter a tank of water in which the shield to be 
tested is inserted. The instruments used for determining the intensities of vari- 
ous radiations are placed in the water behind the shield. 

10.122. The LTSF has a number of advantages. Many shields of interest, 
incorporate water as an important component; such shields are very easily 
mocked-up in the tank. The radiation background due to leakage from the re- 
actor itself is considerably reduced by the water, so that it is possible to measure 


* This facility receives its name from the fact that it consists of a water tank which acts aa 
a lid (or cover) to a hole through the shielding of the X-10 (natural uranium) reactor, 
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very low intensities of radiation, from the source plate, that penetrates the shield. 
The fact that the source is essentially a flat disk simplifies the transformation 
calculations, as will be seen below. Its main disadvantage is its relatively low 
source strength. 

10.123. The total power output of the source has been determined from tem- 
perature measurements and found to be 6 watts. However, not all the radia- 
tions produced enter the water tank because about 40 per cent is absorbed in the 
walls of the box containing the source, the walls of the tank, etc.; hence the 
effective (isotropic) power of the source is 3.6 watts. The area is 3970 cm?, and 
so the surface source strength may be represented as 3.6/3970, i.e., 9.1 X 10-4 
watt/em?. This is too low to permit measurement of the fast-neutron intensities 
that have penetrated moderately thick shields. 

10.124. The BSF at Oak Ridge makes use of an actual reactor as the source of 
radiation. The reactor core is a rectangular parallelepiped, 24 by 15 by 15 in. 
in size, made up of a number of fuel elements of the parallel-plate type. This 
is suspended in a large pool of water, as was stated in § 10.3. The reactor sys- 
tem, officially known as the Bulk Shielding Reactor, is sometimes referred to, 
for obvious reasons, as the Swimming Pool Reactor. The shields to be tested, 
which often have water as an important component, are placed close to the re- 
actor, at the side or underneath. 
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10.125. Although the BSF lacks the simplicity of the LTSF, both as regards 
operation and transformation of the results, it has the great advantage of pro- 
viding sufficient source strength to permit radiation intensity measurements to 
be made with shields of full thickness. A large range of source strengths is 
available, since the reactor may be operated from very low power up to about 
100 kw. Further, the greater space in the BSF makes possible the mock-up of 
curved shields, whereas the LTSF is best adapted to measurements with slab 
shields. 

10.126. In using any of the facilities described above for shield design by the 
comparison method, a mock-up of the proposed shield is constructed, and the 
radiation intensities which penetrate various thicknesses of the shield are deter- 
mined. Measurements are made of the slow- and fast-neutron flux and of the 
gamma radiation by means of suitable instruments. 


APPLICATION OF LTSF MEASUREMENTS 


10.127. Data obtained with the finite disk source of the LTSF can be readily 
transformed to dose rates, etc., for other sources. As an illustration of the pro- 
cedure employed, suppose that Fig. 10.11 represents the fast-neutron dose rates, 
as measured in the LTSF, for various thicknesses (z cm) of a particular type of 
shield. The dose rates are, for convenience, expressed in millireps per hour 
(mrep/hr), using the conversion factors given in Chapter IX. As stated earlier, 
the source in the LTSF is a disk of 35.6 cm radius and its effective source strength 
is 9.1 X 10-* watt/cm?. 

10.128. Suppose it is required to transform the results in Fig. 10.11 so as to 
give the fast-neutron dose rates to be expected for the same shield when used 
in connection with a spherical reactor of 50 cm radius, having a power density 
of 1 watt/em*. If the relaxation length of fast neutrons in the reactor core i# 
10 cm, the equivalent surface source strength, by equation (10.84.1), is 10 
watts/em?. The problem is now to transform the dose rates obtained with a cit 
cular disk of radius 35.6 cm and source strength 9.1 X 10-* watt/cm? to the case 
of a spherical surface source of radius 50 cm and strength 10 watts/cm’. 

10.129. Let Dur(z) be the dose rate observed in the LTSF at a distance z from 
the source plate in a specified shield. The relaxation length, A, of fast neutrons 
in the shield at this point is estimated from the slope of the line in Fig. 10.11, 
and from this is calculated the correction factor 4 + a, converting Dut(z) into the 
dose rate to be expected at z from an infinite plane reactor having the same source 
strength per unit area as the disk in the LTSF (§ 10.123). To obtain the dose 
rate at the distance z when the shield is used in connection with a spherical re- 
actor of the same source strength, then, in accordance with equation (10.60.3), 
this result is multiplied by r/o, which in this case is 50/(50 + z). Finally, al« 
lowance is made for the difference in the source strengths of the LTS and the 
specified spherical reactor by multiplying by the ratio of the source strengths, 
ie., 10/(9.1 X 10-*), Thus 
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di ry 10 
R( ) Lr(Z) x (G + a) x To x 9.1 x 10-2 


where Dp(z) is the dose rate which would be expected from the spherical reactor 
with a shield z cm thick, and Dyr(z) is the observed LTSF dose rate, in the same 
units, for the same shield thickness. By performing this calculation for a num- 
ber of values of z, it is possible to plot a curve, equivalent to the one in Fig. 10.11, 
giving the dose rates for various shield thicknesses for the specified spherical 
reactor. The shield thickness for a particular dose rate can then be ascertained. 


Example Calculate the fast-neutron dose rate to be expected from the spherical reactor 
referred to above (radius 50 cm, equivalent surface source strength 10 watts/cm?) for a 
thickness of 100 cm of shield for which Fig. 10.11 gives the dose rates in the LTSF. 

For z = 100 cm the LTSF dose rate in Fig. 10.11 is close to 7 X 10 mrep/hr, and 
the relaxation length for fast neutrons in the shield is approximately 9 cm. (This is the 
distance in which the dose rate is decreased by a factor of 1/2.72 in the vicinity of 
2=100cm.) Then, from equation (10.78.2), 


MILLIREPS/HR 
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Tia, 10.11, Fast-neutron dose rates 
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_ 2)(9)2 (100 | 5 _ 
oe a oe 1) = 1.52, 


since a, the radius of the disk source, is 35.6 em. Consequently 4 + a is 2.02, and this 
is the factor for converting the LTSF dose rates to those for an infinite plane source. 
For a spherical source of radius 50 cm, the conversion factor for a shield thickness of 
100 cm is now 50/(50 + 100), and the source strength ratio is 10/(9.1 X 10-4). The 
required dose rate is then given by 


(10.129 





: 50 10 
ane 2" aa prensa 
Dose rate at 100 cm from spherical reactor = (7 X 10 y2.0( i = ( o1X1 73) 


= 520 mrep/hr. 
(In order to reduce this to 0.5 mrep/hr, which is about two thirds of the maximum per- 
missible dosage for fast neutrons, it can be shown that an additional 63 cm, making a 


total of 163 cm, of the given shield would be necessary, assuming the relaxation length 
remains approximately constant at 9 cm.) 


ComparRIsON Merruop ror GAMMA Rays 


10.130. The foregoing discussion has referred, in particular, to the attenuation 
of fast neutrons because for certain shields, although not for all (cf. § 10.105), 
it is this radiation which determines the required thickness. However, reactor 
shields can be studied for their effectiveness in absorbing gamma radiation by 
methods analogous to those described above for fast neutrons. For gamma rays 
produced within the reactor, the comparison method may be applied, provided 
the relaxation lengths in the shield are not too long. There is some uncertainty 
concerning the source strengths to be used because of self-absorption of the 
gamma radiation within the reactor. By taking the source strength as propor- 
tional to the reactor power, as for fast neutrons, thus ignoring self-absorption, 
the results obtained will represent upper limits, at least. 

10.131. When the gamma radiations are secondary in character, being pro- 
duced mainly in the shield, as a result of various neutron interactions, the rela- 
tive source strengths are the same for neutrons and for gamma rays. Thus the 
core relaxation length for neutrons is used in estimating the effective surface- 
source strength of the gamma radiation. In making the transformation from 
a finite disk source to an infinite plane, it is the relaxation length of the gamma 
rays (and not of the neutrons) in the shield that should be used, since this deter- 
mines the attenuation at large distances. 


APPENDIX * 
This appendix contains the detailed derivations of certain results used or men-_ 
tioned in earlier parts of the chapter. 


* The derivations given here are based on unpublished reports by 1. P. Blizard and by 
T. A. Welton and E. P. Blizard. 
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GEOMETRICAL TRANSFORMATIONS: PLANAR SOURCES 


10.132. Much of the experimental work in shielding has been carried out, in 
the LTSF, with a nearly isotropic circular (disk) source of finite radius (§ 10.122). 
Hence equations permitting transformation from such a source are very useful 
in shielding calculations. Consider, first, an infinite plane source; the dose rate 
at a distance z will be represented here by the symbol D,i(z, ©), and this is given 
by equation (10.57.2) as , 

Dy(z, ©) = 208 f. ° G(R)R aR. 


Upon differentiating with respect to z, it is found that 


é Dy(z, 0) = —2rSe2G(2) 
or 


—st. - £ Dye, @). 
The point kernel, G(z), can thus be determined, provided D,i(z, ©) is known for 
several values of z, so that the derivative can be evaluated. As seen above, the 
point kernel is fundamental to radiation dose-rate calculations; consequently 
the data obtained for an infinite plane source can be utilized to treat sources 
of other shapes. 

10.133. For a disk source of finite radius a, the dose rate at a distance z, rep- 
resented by Dyi(z, a), is given by equation (10.57.1); thus 


2 
Dy(z, a) = 248 S. % 


” G(R)R aR. 

If the integral is now expressed as the difference of two integrals, in which the 
lower limits are z and Vz + a?, respectively, and the upper limits are infinity 
in each case, it is readily seen with the aid of equation (10.132.1) that, upon 
differentiation with respect to 2, 

wat ih _ AVF oe 

InrSz az Deis a) = G( @ + a ( ), 
where G(V 22 + a?) and G(z) are the values of the point kernels for source-to- 
detector separations of V2? + a? and z, respectively. 

10.134. If a function B(z) is defined by 


oe ee 2 
Bz) = ~~ Oe S2 dz D,i(z, a), 


G(z) = (10.132.1) 





(10.133.1) 





(10.134.1) 


then it is found from the recursion formula of equation (10.133.1) that 
Gz) = Bee) + BV 2 + a?) + BV 2 + 20%) + --- 


= > BV 2 + va), (10.134.2y 
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where » is zero or integral. This means that, if the function B(z) is determined 
for a series of z values, i.e., distances from disk source to detector, equal to z, 
V2+ a2, V2 + 2a, V2 + 3a2, ete., the sum will give G(z), the point kernel 
at z. For this procedure to be useful, the series must converge rapidly; such is 
the case when the disk radius a is large compared with the relaxation length of 
the radiation. If a is small, then the disk is essentially equivalent to a point 
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Fig, 10,12, Dose rates from circular disk source (E. P, Blizard) 
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source, and D,i(z, a) may be taken as equal to D,:(z), from which G(z) is obtained 
directly by definition (§ 10.52). 

10.135. The use of equation (10.134.2) may be illustrated by means of Fig. 
10.12. The top curve represents experimentally determined dose rates at dis- 
tances, 2, ranging from 40 to 120 cm along the axis of a circular disk source 
of radius a = 50 cm. The next lower curve gives the negative slope of the 
D,i(z, 50) curve as a function of z, whereas the third curve represents the cor- 
responding values of B(z) for unit source strength, i.e., for S = 1. Taking z as 
55 cm, the arrows point to the values of B(W 2? + va?) for »v = 0, 1, 2, 3, and 4, 
respectively. It is seen that the convergence is quite rapid, so that it is not 
necessary to go beyond »y = 4. The sum of the five B terms is about 790, and 
this gives the point kernel G(z) for 2 = 55 em. 

10.136. An analogous transformation to that given above may be used to re- 
late the observed dose rates for a finite disk source to those to be expected from 
an infinite plane source. By combining equations (10.132.1), (10.134.1), and 
(10.134.2) and integrating, it is found that 


Dylz, ©) = Dylz, a) + Da(V2? + a?, a) + Dy (V2? + 2a, a) + +> 
= yD (V2 + va, a). (10.136.1) 
v=0 


Consequently, if the dose rates recorded from a disk source of radius a at dis- 
tances z, V2 + @, V2 + 2a?, V2 + 3a’, etc., from the source are added, the 
sum will give the dose rate at z from an infinite plane source having the same 
strength per unit area.* The series converges rapidly when a is large in com- 
parison with the relaxation length of the radiation. 

10.137. In some circumstances it is not possible to obtain a sufficient number 
of reliable measurements to perform the summation required by equations 
(10.134.2) and (10.136.1). An approximate relationship, which is derived from 
equation (10.136.1), can then be used, provided the series converges rapidly and 
the dose rate in the region of interest can be expressed in the form of a simple 
exponential equation in terms of an apparent relaxation length \. It is then 
found that 


Dylz, oo ) 
l+a> Dilaia) > eta, (10.137.1) 
where 
202 (2 
a= te + 1). (10.137.2) 


This is the relationship given, without proof, in § 10.78. In general, the lower 
limit, ie., 4 ++ a, is a very good approximation to the ratio of the dose rates from 
infinite and finite plane (disk) sources. 


* This procedure is known as the urwite transformation, 
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10.138. The use of the transformation of equation (10.137.1) requires a knowl- 
edge of the apparent relaxation length of the radiation in the absorbing medium. 
This can be obtained from the data in Fig. 10.12. From the general definition 
of relaxation length [equation (10.65.1)], 


1 d 1 

Dale @) eee 5 
and so:\ at any point z is readily obtained upon dividing the value of D,i(z, a), 
from the top curve, by the corresponding —dD,i(z, a)/dz, from the second curve. 
Thus it is found that, for z = 55 cm, \ is about 11 cm. Since a, the radius of 
the disk source to which Fig. 10.12 applies, is 50 cm, the value of a, defined by 
equation (10.137.2), is 0.58. Consequently from equation (10.137.1) 


Dyi(55, ©) = 1.08. 
Dyi(55, 50) 


From Fig. 10.12, D,i(55, 50) is about 2.2 X 10°, so that D)i(55, ©) is approxi- 
mately 2.4 X 108. This result is somewhat low, as may be seen by applying 
equation (10.136.1) to Fig. 10.12. Upon adding the values of D,yi(z, 50), from 
the top curve, corresponding to the points for v = 0, 1, 2, ete., it is found that 
D,1(55, ©) is somewhat greater than 2.7 X 10°. For many rough calculations 
the difference between 2.4 X 10° and 2.7 X 10° is not very significant. 
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GENERALIZED CURVED SURFACE SOURCE 


10.139. In the following section there will be derived an expression for the 
dose rate from a generalized curved surface source. In two special cases, 
namely, when the surface is that of (1) a sphere or (2) a right circular cylinder, 
the results obtained reduce to the expressions given earlier. 

10.140. Consider an isotropic radiation source, spread uniformly over a sur 
face; let the point O on the surface nearest to the detector be the origin. The 
zy-plane at the origin is tangent to the surface (Fig. 10.13). Fora point, such 
as P, not far from the origin, let the distance z, from the zy-plane be given ap- 


proximately by 
~1(2+2 
gay De 


where a and b are the normal curvatures at the surface. Although this approxi= 
mation does not apply to points at an appreciable distance from O, very little 
error is introduced by assuming the expression to hold for the whole surface, 
This is because most of the radiation received at the detector comes from sources 
near the origin, whereas the contribution of the more distant sources is much 

less important. pak 
10.141. The dose rate received at a distance z from the origin is represented by 
D(z) = § G(R) ds, (10,141,1) 


surface 


(10.1401) 


10.142] SHIELDING OF. NUCLEAR REACTOR SYSTEMS 627 


where ds is a small element on the surface, S is the uniform source strength per 
unit area, and G(R) is the point kernel; the integration is carried over the whole 
of the surface. The value of ds is given by 


een CECE 


2 2 
~ de dy (5 + 6 +1), 


ea (10.141.2) 


using equation (10.140.1) for z;. 
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Fia. 10.13. Generalized curved surface source 


10.142. It is now postulated that G(R) can be expressed as the product of an 
unspecified, and presumably exact, kernel G(z) for the distance z, and an ex- 
ponential term for the additional distance R — z; thus 


G(R) = G(z)e—F-9A, (10.142.1) 


where A is the apparent relaxation length which makes this expression correct. 
Actually, \ will vary slowly with distance, but a satisfactory value for the region 
of interest can be obtained from experimental data. Upon combining equations 
(10.141.1), (10,141.2), and (10.142.1), the result for an infinite surface is 


D(z) = SG(z) ie if ae e—R—2)/r he + £ + 1) dx dy. (10.142.2) 


In order to perform the integration, R — z must be expressed in terms of z, y, 
and z. This is done by writing 


R= Vaqateait+at+y/ 


and substituting the approximate value 2 = ¢ for %; upon expanding and using 
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equation (10.140.1) it is found that 
ev yi ee 
R-2=9 +o, +207 
Upon inserting this into the exponential term in equation (10.142.2), the integra- 


tion can be performed analytically. If a and b are large compared with , the 
result reduces to 
V ab 


dz 
D(z) ~ 2r8G(z) San oeen 
10.143. For the case of a spherical surface source, a = b = 1, the oe cn 
sphere, and z is equivalent to 7 — 7, as may be seen by comparing Fig. 10. 
and Fig. 10.13; consequently equation (10.142.3) now becomes 


for a,b>d. (10.142.3) 


Dap(to, 1) © 2nSG(e)de > (10.143.1) 


or, in view of equation (10.132.1), 


d r 10.143.2) 
Dsp(10, 7) © “kh Dyi(z, ©) rp ( 


If the relaxation length \ employed above for the spherical surface applies re 
to the infinite plane source, then, since d In Dyr(z, ©)/dz will be equal to —1/A, — 


it follows that 


—r£ Dule, oo ) = Dyile; ~) 


and, consequently, from equation (10.143.2), 
Dep(to, ") ~ 7 Dyal2, ) 
r 
~ — Dylto — 7, ©); 
T0 


ich i uivalent to equation (10.60.3). 
rae en for a cylindrical surface source can rs a i y 
an analogous manner; this is achieved by setting a ae H 5 r; on _ in 
in equation (10.142.3), where r is the radius of an infinitely oa - oe 
is the distance from its axis to the detector (cf. Fig. 10.4 and Fig. 10.1). 


result is . 
Dey(ro, 1) © 2aSG(z)dz afte 
and, by using the same procedure as with equation (10.143.1), it is seen that 
Dey(10, 7) * Re Dyilto — 7, ©), 


which was given as equation (10.61.1), 
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FRACTIONAL EscarE or “RADIATION FROM SELF-ABSORBING SouRCcE* 


10.145. For certain calculations, particularly in connection with the heat gen- 
erated in reflector and shield, it is desirable to know the fraction of a particular 
radiation that escapes from the reactor core. This is calculated in the following 
manner. Consider an infinite slab source of finite thickness H , and let S be the 
strength in particles per cm? per sec of a given radiation. Then from the argu- 
ments in § 10.82, using Fig. 10.7, it follows that for particles originating in the 


annulus distant R from the point P on the surface, the component at right angles 
to the exterior surface is given by 


Particles from annulus incident upon 


= 2 oj 
Lem? 6f gutface. per ave 21SG(R)R? sin 6 cos 6 dé dR, 


where G(R) is the point kernel; the cos 6 term is introduced because the compo- 
nent at right angles to the surface is required. The total radiation incident on 
the surface is now obtained by integrating over all values of 6 from zero to w/2 
and of & from zero to H/cos 6; thus, representing G(R) by equation (10.69.1) 
with the build-up factor equal to unity, it follows that 


Total number of particles inci- S§ (7? . ST ee 
= -R/ 
dent upon 1 cm? per sec a ara Pee eae 0 ; as 


a /2 
& sin 6 cos (1 — e4/ cos 6) gg 
0 


SAP 1 H 
2 L2-*(x)} 
where F2(q) is the integral function defined by 

Pq) = PE(q), 
and E;(q) is defined by equation (10.71.2). 


10.146. Within the slab source the number of particles incident upon 1 em? 
per sec is SH, and so 


Fraction of radiation escaping ard F, a 
; 2 12 r 
from sides of slab = 


SH 


- 23 ae (7) } (10.146.1) 


lor a long cylindrical source of radius R, the corresponding value would be 


Fraction of radiation escaping _ [1 _ p(® 
from surface of cylinder ~ RL2 ch Se Bi 


Nxample The core of a Swimming Pool type reactor is equivalent to a cylinder of 21 cm 
radius, If the relaxation length of 3-Mev gamma radiation in the core is 23 em, what 
fraction of this radiation escapes from the exterior? 


* This derivation was included at the suggestion of J, A, Lane; the result is used in Chapter 
XI, 


(10.146.2) 
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Substituting 21 cm for R and 23 cm for ) in equation (10.146.2) it follows that 
Friction of 3-Mev radiation escaping = 33[3 — F.2(34)] 
= 1.1[0.5 — F,(0.9)]. 


From tables it is found that F.(0.9) or (0.9)2#3(0.9) is equal to 0.12, so that 


Friction of 3-Mev radiation escaping = 1.1(0.5 — 0.12) 
= 0.42. 


Sympoits Usep IN CHAPTER X 


A atomic weight, mass number 

a radius of disk source 

a,b normal curvatures of surface 

B(R)  build-uo factor 

B(z) function defined by equation (10.134.1) 

Cc number of curies 

D radiation dose rate 

EL, exponential integral function defined by equation (10.71.2) 
€ base of natural logarithms 

G(R). point kernel for distance R 

G(z) point kernel for distance z 

g mass of radioactive species in grams 

H thickness of slab source 

IQ)  radiatim intensity before passage through-shield 

I(R)  radiaticm intensity after passage through thickness R of shield 


l replacement length for gamma rays 

n integer 

qd a variable 

R nuclear radius 

R radius of cylinder 

R distance: from radiation source to detector (or shield thickness) 
r radius of spherical surface source 

r radius of cylindrical surface source 

To distanc: from center of sphere to detector 
To distance: from axis of cylinder to detector 
S source strength 

Sa equivalsnt surface source strength 

Sy volume source strength 

t thickness of gamma-ray shield 

ia half life of radioactive species 


x, y, 2 coordinates 

2 thickness of absorber (shield) 

a function defined by equation (10.78.2) 
r gamma-ray dose rate 
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number of gamma-ray photons per decay 

angle 

relaxation length of radiation (approximately equivalent to 1/u or 1/2) 
linear absorption coefficient for gamma rays 

zero or integer 

radius of annulus 

density 

microscopic absorption cross section 

microscopic effective removal cross section for fast neutrons 
macroscopic absorption cross section 

macroscopic effective removal cross section for fast neutrons 
Fermi age of thermal neutrons 

flux 


Qv.RDYEY SBR 


be | 


e717 MMS 


PROBLEMS 


1, After traversing a shield 6 ft thick, in which the relaxation length is 10 cm, the 
radiation dose rate received from a spherical surface source, radius 3 ft, was equivalent 
to 1 mrem/hr. For the same shield, what would be the dose rate from a plane circular 
source, radius 3 ft, of the same strength per unit area, located at the center of the 
sphere? 

2. A reactor behaves like a plane isotropic source emitting 10” gamma-ray photons/ 
(cm*)(sec). Estimate the flux at a detector located behind a shield of 7 ft of barytes 
concrete (density 3.5 g/cm’), assuming a linear build-up factor. 

3. A shield is to be built around a cylindrical tank, 4 ft high and 2 ft radius, to contain 
a radioactive liquid. The tank may be erected so that it either stands vertically on its 
base or lies horizontally on its side. Compare the shield thicknesses required to give 
the same dose rate in the two cases. What is the physical basis of the difference? 

4. A horizontal cylindrical tank, 6 ft long and 3 ft diameter, is to contain an aqueous 
solution of 100 curies of iodine-131; this isotope emits a 0.36-Mev gamma photon in 
85 per cent of decays and a 0.64-Mev photon in the other 15 per cent. What is the 
thickness of an iron shield that would be required to reduce the gamma-ray dose rate 
from the end of the tank to the maximum permissible value for a 40-hr week exposure? 

5. The dimensions of the core of a Swimming Pool type reactor are 1 ft X 1 ft x 2 ft 
high; it may be regarded as consisting of water and aluminum in the volume ratio of 3.3, 
together with 3.5 kg of uranium. Calculate the minimum depth of water which would 
be required in the pool to act as a shield over the top of the reactor for operation at 
100 kw. 

6. In the preceding problem, what thickness of water would be required at the sides 
of the reactor in addition to a 2-ft thick wall of ordinary concrete? 

7. A Water Boiler reactor contains 0.9 kg of uranium, as uranyl nitrate, dissolved in 
13 liters of water in a thin-walled steel sphere of 1 ft radius. The sphere is surrounded 
by a graphite reflector having a thickness of 4 ft 6 in., and a shield of ordinary concrete 
5 ft thick. Determine. the dose rate in mrem/hr received through the shield when the 
reactor operates at a power of 45 kw. 

8. Estimate the effective removal cross section of magnesium for fast neutrons, and 
compare the masses and thicknesses of magnesium and iron required to attenuate fast 
neutrons to a specified extent in a water-containing shield, 
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9. Calculate the fast-neutron dose rate to be expected through a 3-ft thick shield, of 
the same material as that to which Fig. 10.11 applies for the LTSF, from a spheridal 
reactor of 100 cm radius having an equivalent isotropic surface source strength of 5 
watts/cm?, 

10. From Fig. 10.12 determine the values of the point kernel G(z) for z = 45 and 65 
em. By combining these values with the result in the text for z = 55 em, derive an 
analytical expression for G(z) as a function of z. 





Chapter XI * 
THERMAL ASPECTS OF NUCLEAR REACTOR SYSTEMS 


THERMAL PROBLEMS IN REACTOR DESIGN 


INTRODUCTION 


11.1. It has been seen earlier (§ 1.28) that there is no theoretical upper limit 
to the rate of energy release, i.e., of power production, due to fission. In prac- 
tice, however, the maximum power level of a reactor is frequently determined 
by the rate at which heat can be removed. Thus, in nuclear reactors operating 
at high neutron fluxes, such as those intended for central-station power, for 
ship or aircraft propulsion, or for plutonium production, the design of the core 
may depend just as much on the heat-removal aspects as on nuclear considera- 
tions. The transfer of heat from fuel elements to the coolant is facilitated by 
increasing both the contact area and the coolant-channel volume. However, 
such increases generally result in a decrease of the multiplication factor of the 
system, so that additional fissionable material is required to make the reactor 
critical. The heat-transfer and nuclear requirements may consequently be in 
conflict, and the actual design may represent a compromise between the oppos- 
ing factors. 

11.2. Most existing reactor-design concepts represent particular solutions of 
the heat-transfer problem in which the choice of coolant, the arrangement of fuel 
and coolant, and the method of heat removal are the primary considerations. 
Although each type of reactor has its own specific thermal problems, the solu- 
tion of these problems can be approached in all cases by the application of con- 
ventional engineering principles of heat transfer, hydrodynamics, and thermal 
stress. The equations needed to analyze the thermal behavior of a reactor are, 
therefore, those concerned with temperature distribution and thermal stress in 
solid components and with the flow of reactor coolants or liquid fuels. It is the 
purpose of this chapter to show how these equations are derived and to indicate 
how they are applied to the design of the various components of the heat- 
removal system of a reactor. 

* Material contributed by 8. Glasstone, J, A, Lano, N. F’. Lansing, R. N. Lyon, H. F, 


Poppendick, and P, C, Zmola, 
lowed by J, A, Lane, N, F’, Lansing, and H, I’, Poppendiek, 
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11.3. Before considering the individual problems, however, mention should 
be made of several unusual thermal aspects of nuclear reactor design. The 
first of these involves the temperature of the system and its relation to the rate 
of heat generation and removal. Since heat is being continuously produced by 
fission and other nuclear processes, a path must be provided for its transmission 
to a sink to prevent a steady temperature increase. Unlike a conventional 
power plant, where the temperature is limited to that resulting from the com- 
bustion of coal, oil, or gas, the temperature in a nuclear reactor can rise to a 
value which depends either upon the rate of heat removal or upon the physical 
integrity of the materials in the reactor. An example of the latter possibility 
would be an uncooled fuel element, in which the heat from a sustained fission 
reaction raises the temperature to the point where the element melts or vaporizes 
and destroys itself and its container. In practical cases, however, the tempera- 
ture in the fuel elements and other parts of the reactor structure are determined 
by the rate of heat generation, the resistance to heat flow from the elements 
to the coolant, and the temperature of the coolant itself. 

11.4. For a reactor of given design, the maximum operating power is limited 
by some temperature in the system. This limit may be set by the phase stabil- 
ity of the fuel elements, the coolant, or the moderator, by allowable thermal 
stresses in some parts of the system, by the influence of temperature on corro- 
sion, or by other thermal effects. The maximum permissible temperature must 
be definitely established to make sure that the cooling system is adequate under 
all anticipated operating conditions. This is done by, first, estimating the mag- 
nitude and distribution of the heat sources in the reactor system and, second, 
determining the temperature differences along the various paths of heat flow in 
the system. These two interrelated areas of investigation form the basis for 
both the concept of a new reactor system and the thermal analysis of a specific 
design. 


GENERATION AND DisposAL oF Herat IN Reactor SYSTEMS 


11.5. The determination of the manner in which the heat sources are dis- — 


tributed in the reactor core and structure is complicated by the fact that the 
heat is generated in a number of different ways. The major portion arises from 
the kinetic energy of the fission fragments which usually manifests itself as heat 
produced entirely within the fuel elements, but heat is also produced from the 
slowing down of neutrons and beta particles, and the absorption of various 
gamma radiations. Since the neutrons and gamma rays are not uniformly dis- 
tributed throughout the reactor core and structure, the associated heat-source 
distribution will also be nonuniform. An accurate knowledge of neutron and 
gamma-ray fluxes is therefore necessary for a complete solution of the reactor 
cooling problem. These fluxes are difficult to estimate with sufficient accuracy 
for thermal calculations, and so, in the final analysis, the reactor designer must 
frequently rely upon data obtained from experiments or from operating reactors, 
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11.6. Once the heat-source distribution is known, the determination of the 
temperature distribution in the reactor and of the temperatures of the various 
coolant circuits leading to the heat sink can be made in a straightforward manner. 
Here the main objective is to follow the heat flow from the fuel element to the 
coolant and from the coolant to a sink. Although a heat sink must be pro- 
vided in all cases, the heat-flow path will vary with the nature of the reactor 
system. In some cases the heat is discharged directly from the primary coolant 
to a sink, e.g., a river or the atmosphere. In other instances, a secondary or 
even a tertiary coolant may be used to transfer heat from the primary coolant 
to the sink. Further reference to this aspect of the design of the thermal system 
of a reactor will be made shortly. 

11.7. The temperature at any point in a reactor will obviously be greater than 
that of the sink by an amount equal to the sum of all the temperature drops 
along the heat-flow path. The temperature drops will usually be propor- 
tional to the amount of heat flowing and, hence, to the reactor power. Thus, 
the steady-state temperature in any component is generally determined by the 
sink temperature, the reactor power level, the total power generated in the 
aint and the effective thermal resistance between the component and 
the sink. 


SPECIAL THERMAL PROBLEMS 


11.8. In addition to the manner in which heat is generated and disposed of in 
a reactor, there are other special problems, unique to reactor design, which must 
be considered. There is, in particular, the matter of selecting reactor materials 
and coolants, which was discussed in Chapter VIII. In a conventional heat 
engine or power plant, materials of construction are chosen on the basis of 
mechanical performance, but in a reactor system the choice is dictated, to a 
considerable extent, by nuclear properties. This often results in the selection 
of unconventional, high-cost materials with their attendant problems. Such 
materials do not always have the most desirable thermal, physical, or mechanical 
properties, and frequently these properties are not well known. Beryllium 
metal, for example, is an excellent material for use as moderator and reflector, 
but it is relatively brittle (§ 8.161). Consequently great care must be taken 
when using beryllium to avoid high temperature differences which would give 
rise to excessive thermal stresses and thus cause cracking. 

11.9, Another factor which adds to the problem of heat removal from a 
reactor is that the volumetric heat-release rates may be higher than for any 
other thermal systems designed for continuous operation. There are two 
reasons for this: (1) the necessity for keeping the size of the reactor small, e.g., 
in fast reactors and in all types of mobile reactors, and (2) the desire to increase 
the power output per unit mass of fuel (or other expensive reactor materials) 
in order to reduce ultimate power costs (see § 12,227), In Table 11.1 some 
(ypical volumetric heat-release rates (or power densities) in reactors are com- 


636 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [11.9 


pared with the values for other thermal sources. The data for reactors are 
based on the total core volume occupied by fuel. 


TABLE 11.1. COMPARISON OF VOLUMETRIC HEAT-RELEASE RATES 


Watts/cm? 
Thermal Sources (or kw/liter) 10-* X Btu/ (hr) (ft) 

Brookhaven reactor (28 Mw)............-..02e.eee- 0.06 0.58 
Steam boiler: natural convection................2.4. 0.5 4.8 
Steam boiler: forced convection.................00-. 10 97 
Homogeneous Reactor Experiment (1 Mw)........... 20 190 
Aircraft gas-turbine combustion chamber............. 44 400 
Experimental Breeder Reactor (~1 Mw)...........-. 240 2,300 
Materials Testing Reactor (30 Mw)................-. 300 2,900 
Typical power reactor (estimated)................0.. 600 5,800 
V-2 rocket combustion chamber................2.055 20,000 193,000 


11.10. The combination of high operating temperatures (for maximum 
thermal output of the reactor and maximum thermodynamic efficiency for ulti- 
mate conversion into power) and large volumetric heat sources makes special 
demands upon the design of the reactor heat-removal system. Not only do the 
large source densities cause stresses due to temperature differences within core 
components to increase rapidly as their thicknesses increase, but the nuclear 
radiations at high power densities, e.g., high neutron fluxes, may have adverse. 
effects on the thermal conductivity and other properties of reactor materials 
(see Chapter VIII). In general, the major advances in reactor design have 
come from material and fabrication developments, but it is only by optimizing 
the reactor systems from the heat-transfer standpoint that their full advan- 
tage can be realized. A large part of the improvement in reactors can therefore 
be attributed to good heat-transfer design. 


DESIGN OF COOLING SYSTEM 


CooLaNntT CIRCUITS 


11.11. The simplest solution of the reactor heat-removal problem is to employ 
a direct-cycle cooling system in which the coolant is passed once through the 
reactor and then to a sink. In the Hanford and Chalk River (NRX) reactors, 
for example, river water is the coolant and after passage through the reactor it 
returns to the river, which acts as the sink. The Oak Ridge (X-10) and Brook- 
haven natural-uranium reactors, and the British (Windscale) production reac« 
tors use air as coolant and the atmosphere as the sink. These systems, although 
simple in principle, are not without problems. River water must be purified 
before it is acceptable as a reactor coolant (§ 8.236), and provision must be made 
for preventing the discharge of radioactive air or water to the surroundings a 
described in Chapter IX, 
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11.12. The use of a secondary coolant system in conjunction with a closed 
primary-coolant circuit has the advantage of better control over the escape of 
radioactivity. Such systems are considerably more flexible than those using a 
direct cycle, particularly with respect to location of the reactor and choice of 
primary coolant. FEeavy water, for example, is a desirable coolant from the 
standpoint of its nuclear properties, but its cost necessitates a closed primary 
circuit, so that a secondary coolant, e.g., ordinary water, is required to transfer 
the heat to the sink. Cooling systems of this type, i.e., heavy water as primary 
coolant in a closed circuit and ordinary water in an open circuit, are used in the 
CP-3’ and CP-5 reactors at the Argonne National Laboratory, and in other 
reactors of similar design (see Chapter XIII). 

11.13. Even when the coolant is ordinary water, but highly purified, as in 
the Materials Testing Reactor (MTR), it may be desirable for reasons of econ- 
omy to use a secondary cooling system. The secondary coolant may be either 
air or water and the heat sink will be either the atmosphere or a river. 

11.14. In the systems considered above, little or no use is made of the heat 
generated by fission. In reactors designed for power production, however, 
three successive separate coolant circuits may be necessary. In most reactor 
power system designs the primary coolant is used to boil water in a secondary 
circuit and thus produce steam. The steam then drives a turbine, the water 
from which is condensed by means of a third coolant circuit which discharges 
heat to the sink. A boiling-water power reactor, however, may not require the 
three coolant circuits, since the steam from the primary circuit may be used 
directly in the turbine, so that the secondary system is eliminated. 

11.15. In a reactor using sodium (or NaK) as coolant it may be desirable 
to interpose a liquid, such as mercury, molten lead, or an organic compound, 
between the sodium and boiling-water (steam) loops to avoid the possibility of 
chemical reaction between these two materials. The use of an intermediate 
system of this type can also serve the purpose of restricting the volume that has 
to be shielded because of the gamma radiations from sodium-24 produced by 
neutron capture in the reactor. A sodium-cooled power reactor may thus have 
four different coolant circuits, e.g., sodium, mercury, boiling water, and con- 
denser water. 

11.16. The use of a circulating liquid fuel, as in the Homogeneous Reactor 
I’xperiment (HRE), simplifies, in some respects, the heat-transfer problem 
because the heat produced by fission is removed outside, rather than inside, the 
reactor (see § 12.132). However, circulating liquid-fuel systems have their own 
particular problems, such as the design of the primary heat exchanger in which 
heat is transferred from the liquid fuel to water for the production of steam in 
the secondary circuit. Because of the intense radioactivity of the circulating 
fuel, due to the presence of fission products, the heat exchanger must be con- 
structed from corrosion-resistant materials, and be absolutely reliable and 
leak-proof, It should also have a small volume in order to minimize the hold-up 
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(and inventory) of fuel solution. If the liquid fuel is under pressure, e.g., about 
1000 psi in the HRE, the construction specifications of the heat exchanger 
become even more stringent. 


Heat-Source DistrisuTIon 


11.17. In a reactor using solid fuel, the design of the fuel elements and of the 
spacing of coolant passages through the various solid components is influenced 
by a determination of the temperature distribution within these components. 
The first step in such a determination is to establish the maximum volumetric 
heat-release rate in each of the components being considered. The procedure 
for doing this will be discussed below. Although the heat-source distribution 
depends upon the particular reactor design, there are certain generalizations 
which can be used for preliminary calculations, at least. 

11.18. It may be assumed that, in a thermal reactor, 90 per cent of the total 
heat is liberated in the fuel elements, and that this heat source will be distributed 
in a manner proportional to the neutron flux. About half of the remaining heat, 
ie., 5 per cent of the total, will be released in the moderator, and the remaining 
5 per cent in the reflector and shields. The moderator heat-source distribution 
will be somewhere between a uniform distribution and one proportional to the 
thermal-neutron flux. In many reactor designs, each cooling channel takes up 
heat from both the fuel element and the surrounding moderator, and in these 
cases, the two heat sources are combined. 

11.19. The determination of the heat-source distribution in the reflector and 
shields is somewhat complicated, because it involves an estimate of the neutron 
leakage from the core and of the gamma-radiation flux as a function of the 
energy spectrum. Since gamma rays arise from a number of sources, e.g., 
fission, fission-product decay, and radiative capture (cf. § 10.9, e¢ seq.), the 
details of each originating nuclear process must be known and the subsequent 
behavior of the radiations calculated. Although only 5 per cent of the total heat 
is released in the reflector and shields, including the pressure vessel if one is 
used, the cooling of these components may be a serious problem in a reactor 
operating at high power. 


TEMPERATURE DISTRIBUTION 


11.20. The second step in analyzing or designing the cooling system of a 
reactor is to calculate the temperature distribution in the solid components from 
their known heat-source distributions, thermal conductivities, and configura- 
tions, using appropriate heat-flow equations. Since fuel elements are usually 
in the form of cylinders, hollow rods, or parallel plates, the heat flow and tem- 
perature distribution in these cases can be determined in a relatively simple 
manner, as will be seen below. 

11.21. Solid moderator and reflector components, on the other hand, do not 


always have simple configurations; further, the spacing of cooling channels in— 
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the shields may not be uniform, because the heat liberated falls off with increas- 
ing distance from the core. Such cases can often be treated by simplifying the 
geometry to a form, e.g., a cylinder, which permits the use of an established 
heat-flow equation. Alternatively, a point-to-point analysis can be made using 
a relaxation technique.* 

11.22. The design of a reactor cooling system next requires the determination 
of the flow characteristics and heat-transfer coefficients of the coolant. This 
fixes the temperature drop between the surface of the solid being cooled and 
that of the bulk of the coolant, as well as the temperature rise in the coolant 
stream. The increase in temperature of the coolant flowing through the hottest 
channel is of special significance, since this establishes the maximum tempera- 
ture of the system. 

11.23. Finally, it is necessary to consider the transfer of heat, in stages, from 
the primary coolant to the sink. This may involve heat exchange from the 
primary coolant to a steam system, or from the primary coolant to a secondary 
coolant and then to a steam system, and ultimately to a heat sink. This aspect 
of the subject is treated along more or less conventional lines. 


AUXILIARY THERMAL PRoBLEeMs 


11.24. In addition to the matters dealt with above, there are a number of 
auxiliary problems, related to the thermal characteristics of a reactor, that have 
a bearing on the design of the cooling system. One of the most important of 
these is the problem of stress in solid components, due to temperature differ- 
ences. For example, problems of stress may arise in the design of thermal and 
biological shields, because of the considerable difference of temperature between 
the two faces. Further, in pressurized-water reactors, thermal stresses in the 
thick-walled pressure vessel become very significant. 

11.25. The coolant itself often presents special problems, which have been 
examined in Chapter VIII, and which may be reviewed briefly here. Mention 
may be made of purification, of induced radioactivity resulting from neutron 
capture, of decomposition by radiation, and of corrosion (or erosion), including 
mass transfer. These are highly important aspects of the design of the thermal 
system of a reactor, but they represent problems in materials and equipment 
rather than of heat transfer. 

11.26. In summarizing the foregoing discussion it can be seen that the design 
or analysis of the cooling system of a reactor involves the following topics: 


(1) Heat sources and their distribution. 

(2) Heat conduction through solid components and to the primary coolant 
(or heat convection within liquid fuels). 

(3) Heat transport along reactor channels due to flow of fluid. 


“TH, W, Emmons, Trans, Am, Soo, Mech, Hing, 68, 609 (1948); P, B, Richards, Chem, Lng. 
Prog. Sympoaium Series, No, 11, 80, 127 (1954), 
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(4) Heat exchange from primary to secondary coolant and to steam-generat- 
ing system (or heat sink). 
(5) Thermal stresses in solid components. 


These are the main subjects which will be considered in the succeeding sections 
of this chapter. 


HEAT SOURCES IN REACTOR SYSTEMS 


SPATIAL DISTRIBUTION OF Fission ENERGY 


11.27. As seen in Chapter I, the energy released during the fission process 
appears in various forms, but mainly as the kinetic energy of the fission frag- 
ments, the fission neutrons, and the beta particles resulting from the radioactive 
decay of the fission products. The fission fragments are usually stopped within 
the fuel elements themselves; the small fraction that escapes into the cladding 
penetrates only about 0.01 mm (0.004 in.). The beta particles of high energy 
may travel up to 4 mm (0.16 in.) in a cladding material such as aluminum, and 
so a large fraction of these particles may escape from the fuel element into the 
moderator or coolant, but they will not get out of the reactor core. The fission 
neutrons lose most of their energy in the first few collisions with moderator 
atoms, and they travel distances ranging from some centimeters to a few feet. 
It is seen, therefore, that most of the heat from the three sources under consid- 
eration, comprising about 90 per cent or more of the total energy generated, will 
be released within the reactor core.* 

11.28. The remaining 10 per cent or less of the energy released in fission 
appears as gamma radiations from the several sources mentioned in § 11.19. 
The manner in which these are distributed throughout the reactor core, reflector, 
and shields depends upon the materials present and the configurations of the 
various components. The distribution will consequently depend upon the 
reactor type. A complete analysis of the heat generation due to gamma radia- 
tion is complicated; it requires a knowledge of the energy spectrum and spatial 
distribution of each of the gamma-ray sources, as well as the absorption coeffi- 
cients of the materials in the system for radiations of different energies. 

11.29. In addition to the spatial distribution of heat sources, the time depend- 
ence must also be considered, since an appreciable proportion of the energy of 
fission is released over a period of time. For example, the fission fragments may 
lose essentially all of their kinetic energy in a few microseconds, whereas the 
energy accompanying the radioactive decay of the fission products is released 
over many years. Actually, the approach to equilibrium thermal conditions 


after the start-up of a reactor is very rapid and any departure from this equilib« — 


rium can usually be neglected. 


* According to the statement in § 11.18, the heat released in the core is about 95 per cont 
(90 per cent in the fuel elements and 5 per cent in the moderator) of the total, The additional 
5 per cent or so arises from gammarray absorption in the core, 
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11.30. However, provision must be made for cooling the fuel elements and 
other reactor components for some time after shut-down of the reactor because 
of the heat generated in the decay of the fission products (cf. § 2.180). The 
source distribution will then be different from that when the reactor is in opera- 
tion. One hour after shut-down, for example, the heat generation rate in the 
fuel elements will be about 1 per cent of the operating value, whereas in the 
reflector and shield it will be approximately 10 per cent of the rate during opera- 
tion. This difference arises because a large fraction of the heat released after 
shut-down is due to absorption of gamma rays from fission product decay. 
Although this is a small proportion of the heat. generated in the core during 
operation, it makes a considerable contribution to the heat liberated in other 
parts of the reactor system. 


TotaL ENERGY RELEASE IN Fission 


11.31. It was seen in Chapter I that the total energy released in fission, and 
which ultimately appears as heat, is made up of contributions from a number of 
sources. In general, the total energy, exclusive of the neutrino energy which is 
lost to the reactor system, may be expressed by 


E = 191 + E, Mev, 


where E, is the energy liberated as a result of various parasitic neutron capture 
processes, e.g., nonfission capture in uranium-235 and uranium-238, and capture 
in moderator, coolant, structure, etc.; this includes the energy of the cap- 
ture gamma radiations and the decay energies, i.e., the energies of the alpha 
and beta particles and gamma rays, of any radioactive species that are formed 
by parasitic neutron capture.* Since the value of EF, will obviously depend 
upon the nature of the materials present in the reactor core, it is evident that 
the total amount of heat produced by fission will vary, to some extent, from one 
type of reactor to another. 

Example Compare the total energy release per fission in a natural uranium-graphite re- 


actor of the X-10 type (§ 13.9) with that in an enriched uranium-water reactor of the 
Swimming Pool type (§ 13.70), using the following data: 


Natural-Uranium Reactor U-238 U-285 Al (Cladding) Graphite 
Neutrons captured per fissionf........... 0.695 0.185 0.005 0.254 
Total energy released 

per neutron capture (Mev)............ 6.8 6.8 * 12.6 5.6 

Swimming Pool Reactor U-288 U-885 Al (Cladding) Water 
Neutrons captured per fissionf........... ~0 0.185 0.090 0.274 
‘Total energy released 

per neutron capture (Mev)............ ~0 6.8 12.6 2.23 


* Although 2, should include the decay energies of all radioactive species formed as a result 
of nonfiasion neutron reactions, only those of relatively short half life contribute to the energy 
release in the state of pseudo-equilibrium attained by the reactor soon after start-up, 

| Calculated from the amounts of the various species present in the reactor and their respec- 
tive cross sections, 
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In the natural-uranium reactor the energy, E., liberated as a result of nonfission capture 
is given by 


E, = (6.8 X 0.695) + (6.8 X 0.185) + (12.6 X 0.005) + (5.6 x 0.254) 
= 7.5 Mev. 


The total energy release per fission is thus 191 + 7.5 = 198.5 Mev. 
For the Swimming Pool reactor type, 


E, = (6.8 X 0.185) + (12.6 X 0.09) + (2.23 X 0.274) 
= 2.9 Mev. 


The capture by the small proportion of uranium-238 in the highly enriched fuel makes a 
negligible contribution. The total energy release is now 191 + 2.9 = 193.9 Mev per fis- 
sion. (Direct experimental measurement of the energy release in this reactor gave a value 
of 193 + 5 Mev per fission.) * 


Heat GENERATION IN FuEL ELEMENTS 


11.32. The heat generated in the fuel elements containing fissionable material 
is mainly the sum of that due to the kinetic energy of the fission fragments and 
the heat resulting from the deceleration of a large fraction of the beta particles 
and the absorption of a somewhat smaller fraction of the gamma radiation. 
Although there is a minor dependence upon the design of the fuel elements, it is 
found, as stated in § 11.18, that up to about 90 per cent of the total reactor heat 
is released within the fuel. 

11.33. The rate of heat liberation, i.e., about 175 to 180 Mev per fission, per 
unit volume (or power density) will be closely proportional to the rate of fis- 
sion, i.e., to Zy@, per unit volume per second, where 2, is the macroscopic fission 
cross section and ¢ is the neutron flux (§ 2.121). Upon replacing =; by Noy, 
where N is the number of fissionable nuclei per unit volume of fuel, it is seen 
that the heat-source distribution in the fuel elements will depend upon V and 9, 
assuming the fission cross section, os, to remain constant. As a general rule, 
the value of N, which is determined by the distribution of fissionable nuclei, is 
uniform in a particular reactor. It follows, therefore, that to a good approxima= 
tion, the thermal source function, expressed as the power density, will have the 
same spatial dependence as the neutron flux. 

11.34. In a heterogeneous reactor in which the lattice consists of widely 
spaced cylindrical elements of moderately large diameter or of bundles of rods 
of smaller diameter, the flux distribution within the fuel elements will deviate 
appreciably from that in the surrounding moderator. Normally, however, the 
radial flux variation within the elements themselves has little effect on the 
temperature distribution and so it can be ignored. The main concern is cons 
sequently with the over-all flux distribution in the reactor core, and this can 
be calculated by the methods given in Chapter III. 


"J, L. Meem, Nucleonica, 12, No, 5, 62 (1951). 
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OvER-ALL AVERAGE AND Maximum Power DENSITIES 


11.35. In the practical case, the ratio of the maximum volumetric heat-gen- 
eration rate (or power density) in the core to the average heat-generation rate 
is important for heat-transfer calculations. An example of the evaluation of 
this ratio was given in § 3.217, with the object of showing the effect of a reflector 
on an infinite slab reactor. The more useful case of a cylindrical reactor will 
be considered here. The basic assumption of the following calculation is that 
the fuel is distributed uniformly, but not necessarily homogeneously throughout 
the reactor volume. 

11.36, From the expression for the neutron flux distribution given in Table 
3.7, it can be readily shown that for a right circular cylindrical reactor 


os = we 
a Jo (2.405 ) cos HW” (11.36.1) 


R’ 
where ¢o is the flux at the center of the reactor; Jo is the zero-order Bessel func- 
tion of the first kind, r and z are the radial and vertical coordinates, as in Fig 
3.11, and R’ and H’ are the effective radius and height, respectively, of the fal; 
containing portion of the reactor, including an allowance for the reflector. The 
average neutron flux in the core is given by (cf. § 3.217) 


1 R PH 
gay = aa |, ae $2nr dr dz, 


where F and H are the actual radius and height of the fuel-containing region. 


Upon substituting the expression for ¢ from equation (11.36.1) and performing 
the integration, the result is 


, R jos 
bax _ 2A: (2.406 Fr) 2H sin (5 - 57) 


do 2.405R? ; cH 


where J; is the first-order Bessel function. 

11.37, Since, as seen above, the power density at any point may be taken as 
proportional to the neutron flux, it follows that equation (11.36.3) also gives the 
value of P.y/Po, where P represents the power density. Further, the power 
density at the center of the reactor, i.e., Po, is the maximum within the reactor 
80 that ¢av/¢o is essentially equal to Pay/Pmax. For a bare reactor, i.e., bue 


without a reflector, R is approximately equal to R’ and H to H ’; then, equation 
(11.36.3), after inversion, becomes 


(11.36.2) 


(11.36.3) 





11,38, Calculations similar to the foregoing can be made for reactors of other 
shapes, and the results for some cores of various geometries are collected in 
able 11.2. Tf, in a cylindrical reactor, the arrangement of fuel elements (or 
control rods) is such that the radial flux is constant and independent of r, the 
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TABLE 11.2. RATIO OF MAXIMUM TO AVERAGE 
POWER DENSITIES IN VARIOUS REACTORS 


Core Geometry Prmax/Pay 
Sphere (bare)... 0.2.2... cece eee ee eee 3.29 
Rectangular parallelepiped (bare)........ 3.87 
Cylinder (bare)............. 000002 eee 3.64 
Cylinder (flat radial flux)............... 1.57 


Swimming Pool type (water reflected)... 2.6 


value of the ratio Pmax/Pav is just 32, i.e., 1.57. As indicated in § 3.219, the 
effect of a reflector would be to decrease the ratio for the bare cores. 


AVERAGE AND Maximum Power IN SINGLE FuEL CHANNEL 


11.39. In reactor cooling problems it is often of interest to estimate the maxi- 
mum heat-generation rate (or power density) at a point in a given fuel channel, 
rather than for the whole reactor core. In equation (11.36.1), the first (Bessel 
function) term gives the radial flux distribution whereas the second (cosine) 
term represents the longitudinal distribution in a cylindrical reactor. In any 
specified longitudinal fuel channel, at a fixed radial distance, 7, from the reactor 
center, the neutron flux distribution is 

ae 11.39.1 

Plong = (¢max)long cos H” ( ) 

where (¢max)iong, the maximum flux at the center of the given channel, is equal 
to doJ o(2.405r/R’). . any 

11.40. The average flux in a longitudinal fuel channel in a cylindrical core is 
given by 


1 ” Tz 
(Pav) long = (@max)long Lf s cos H’ dz 


rant © EL 
2H’ sin 2° 
= (¢max) long aH e 


Hence, assuming the power density to be proportional to the neutron flux, as 
before, it follows that 





(F sss) Sie (11.40.1) 
Pay lon, o . x ‘ A 
© 2H’ sin (3 oy) 


11.41. The result expressed by equation (11.40.1), or the simplification for 
the core without end reflectors, is also applicable to fuel channels in a rectangular 
parallelepiped reactor. For this geometry the flux distribution, in any direction 
parallel to any of the three principal axes, is represented by a cosine expression, 
analogous to equation (11.39.1). The only change necessary is to replace H by 
the actual length of the reactor edge, in the given direction, and H’ by the effed= 
tive length including allowance for the reflector, 
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More Unirorm Power Distrisution 


11.42. In many reactor designs the power output is limited by the maximum 
permissible temperature of the fuel elements, i.e., by the value of Pmax. In some 
cases it is possible to increase the power output by decreasing Pmax/Psy. In 
other words, the average power output of the reactor can be increased by a more 
uniform distribution of the power density. This is sometimes referred to asa 
“flattening” of the power distribution or neutron flux. From what has been 
stated above (see also § 3.219), it is obvious that a reflector helps to flatten the 
neutron flux, but other techniques should also be considered. 

11.43. The results obtained in the preceding section are based on the postulate 
of uniform distribution of the fuel throughout the reactor, but by appropriate 
nonuniform loading of the reactor the value of Prmax/Pay can be decreased. One 
way to obtain a relatively flat radial neutron flux is to vary the distribution of 
fuel and moderator in the reactor.* This procedure has the added advantage 
of decreasing the mass of fuel required for the attainment of criticality. In 
cases where the uranium-235 enrichment of the fuel can be varied in different 
channels, a flat power distribution could be realized by adjusting the concen- 
tration of the fissionable species so that it is inversely proportional to the thermal 
flux at any point. Partial flattening can be achieved in an analogous, but 
simpler, manner by loading various parts of the reactor with depleted and 
enriched fuel elements. The elements containing depleted material would be 
more common near the center of the reactor, whereas more of the enriched fuel 
elements would be located toward the outside. 

11.44. A possible scheme for flattening the flux, and so decreasing the value 
of Pmax/Pav, is by a suitable distribution of neutron absorbers (or poisons). 
This could be most easily done by appropriate insertion of control rods, although 
there is a tendency for the flux to be distorted in the (longitudinal) direction of 
the rods. A better procedure which has been proposed is to circulate a solution 
of a poison, e.g., of a cadmium salt, through those regions of the reactor where 
the neutron flux is usually highest. However, these methods for flattening the 
flux are uneconomic, since neutrons are used up in a reaction which gives rela- 
tively little energy as compared with that released in fission. 

11.45. Instead of flattening the flux, as described above, in order to increase 
the power output of a reactor, the same result, which depends upon a relatively 
uniform temperature distribution, can be achieved in other ways. These in- 
volve variations in the rate of heat removal throughout the reactor, rather than 
of heat production. The cooling system can be so designed that heat is re- 
moved more rapidly from the regions of the reactor, i.e., near the center, where 
the neutron flux and power production are higher, than from the other regions. 
One way to do this in reactors with parallel cooling channels-is by having entry 


* G, Goertzel and W, A, Loeb, Chem. Lng. Prog. Symposium Series, No, 12, 80, 82 (1954); 
Nuoleonica, 12, No. 9, 42 (1064), 
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orifices of different sizes so that the rate of flow of coolant varies appropriately 
throughout the reactor. This is sometimes referred to as “‘orificing” the coolant. 
An alternative approach, which has been favored by reactor designers, is to use 
the multipass or multiflow system for the coolant. In the simplest (two-pass) 
type an arrangement of baffles forces the entering coolant to flow (e.g., upward) 
only through the central part of the reactor where the power density is highest. 
The partly heated coolant then flows (e.g., downward) through the outer regions 
of the reactor where the power density is lower and there is less heat to be 
removed. A multiflow system involves some increase in the power required to 
pump the coolant, but this is usually more than offset by its advantages for 
heat removal. 


Heat GENERATION IN MopDERATOR 


11.46. The heat produced in the moderator is the result of the slowing down 
of fission neutrons, the stopping of beta particles from the fission products, and 
the absorption of gamma rays from various sources. As seen in Chapter I, this 
constitutes about 5 per cent of the heat generated in the reactor system. Since 
most of the kinetic energy of the fission neutrons is lost during the first few 
collisions, the distribution of heat from this source will depend upon the mean 
free path of the fast neutrons. In reactors where this mean free path is short, 
e.g., in those having ordinary water as moderator, the heat distribution in the 
moderator is roughly the same as that of the thermal-neutron flux. If, however, 
the mean free path is long, the distribution of heat resulting from the slowing 
down of the fission neutrons will be more nearly uniform throughout the reactor 
core. 

11.47. If the cooling of the moderator is treated as a separate problem from 
the cooling of the fuel elements, the heat distribution in the moderator must be 
determined independently. On the other hand, when the cooling of fuel and 
moderator is combined, the heat-generation distribution in the moderator may 
be supposed to be similar to the over-all distribution in the fuel. 


Herat GENERATION IN REFLECTOR AND SHIELD 


11.48. Most of the heat generated in the reflector and shield, amounting to 
roughly 5 per cent of the total heat produced (§ 11.19), results from the absorp- 
tion of gamma radiation escaping from the reactor core. The study of the 
source distribution consequently involves a consideration of the gamma-ray 
sources and of the absorption of the radiations of various energies in reflector 
and shields. In many respects determination of the heat-source distribution 
has features in common with shielding calculations. However, greater precision 
is usually necessary in the former case. As a general rule, especially for sta- 
tionary reactors, shields are designed along conservative lines, as seen in Chap- 
ter X. Consequently an error as large as 50 per cent or so, for example, in 


estimating the source strength for shielding calculations might not be at all — 
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serious. On the other hand, an underestimate of this extent in evaluating the 
heat generated in the shield would completely invalidate the design for the 
cooling system of a power reactor. 

11.49. The gamma radiations absorbed in reflector and shield fall into four 
main categories: (1) prompt gamma rays accompanying fission, (2) fission prod- 
uct decay gamma rays, (3) neutron capture gamma rays, and (4) gamma rays 
accompanying the decay of radioactive neutron-capture products, if any. 
These will be considered in turn. 

11.50. It was noted in § 2.172 that the investigations of the prompt gamma 
rays accompanying fission made hitherto do not agree as to the average energy 
per photon. It appears, however, from empirical studies that for purposes of 
calculation it may be assumed that five 1-Mev gamma-ray photons are released 
in the actual fission process. 

11.51. During operation of a reactor most of the gamma radiation accompany- 
ing the decay of fission products is in the form of photons of relatively high 
energy, e.g., 2.5 to 3.5 Mev. ‘These arise from radioisotopes with half lives up 
to a few hours, so that, as far as they are concerned, equilibrium is attained fairly 
rapidly. A large number of photons of lower energy are also produced from 
the fission products, but they do not constitute an important heat source. For 
thermal calculations it is usually sufficient, therefore, to assume that there are 
two 3-Mev gamma-ray photons per fission, on the average, due to fission- 
product decay. 

11.52. With the single exception of helium-4, every nuclear species present 
in the reactor system undergoes an (n, 7) reaction, the extent being proportional 
to the amount of that species present and to its capture cross section. The 
neutron capture, per fission, in the various components can thus be calculated 
without difficulty. The total energy of the capture gamma rays is equal to the 
binding energy of a neutron in the capturing nucleus, but in precise thermal 
calculations of heat-source distribution in reflector and shields, something about 
the gamma-ray energy spectrum needs to be known. The data available for 
a limited number of materials were given in Table 2.6, and these can be utilized 
for the present purpose, as will be seen below. 

11.53. If the product of neutron capture is radioactive, e.g., sodium-24 or 
aluminum-28, then, in estimating the gamma-ray source, allowance must be 
made for the gamma radiation accompanying the decay. In this connection 
radioisotopes of short half life are usually more important than those of long 
half life. 


Hnatr-Sourcn DistriBuTion IN ReriuecTror AND SHIELDS 


11.54, The first step in evaluating the heat-source distribution in the reflector 
and shields is to determine the spectrum of the gamma radiation in the reactor 
core, ‘To do this, the numbers of photons for all energy values should be deter- 
mined, but in practice the treatment is simplified by restricting the calculations 
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to a few significant energies. 
the following example. 


The. procedure will be illustrated by means of 


Example Estimate the source of 3-Mev gamma radiations in Mev/ (sec) (kw), from a 
water-moderated reactor of the Swimming Pool type. Photons of this energy arise 
from fission-product decay and from capture by aluminum and uranium-235. 

The energy liberated per fission in this type of reactor is 194 Mev, so that, by the 
method of § 2.86, there are about 3.2 10" fissions/(sec)(kw). As postulated in § 11.51, 
the decay of the ‘fission products yields two 3-Mev photons per fission so that this repre- 
sents a source of (6) (3.2 X 108) = 1.9 x 10% Mev/ (sec) (kw) of 3-Mev gamma radiation. 

In the example in § 11.31, it was stated that, in the Swimming Pool type of reactor, 
0.090 neutron/fission is captured i in aluminum; according to Table 2.6, for 3-Mev cap- 
ture gamma rays, the energy release is 3.8 Mev/capture, so that, in the reactor, the 
energy is (0.09)(3.8) = 0.34 Mev/fission. Consequently, the corresponding source is 
(0.34) (3.2 & 10") = 0.11 x 10" Mev/ (sec) (kw). 

Similarly, for uranium-235, there is 0.185 neutron captured per fission, and for 
3-Mev gamma rays there are 6.0 Mev/capture. Therefore, this constitutes a source 
of (0.185) (6.0) (3.2 10%) = 0.36 x 10“ Mev/ (sec) (kw). 

The total source of 3-Mev gamma-ray photons is thus (1.9 + 0.11 + 0.36) x 104 = 
2.4 X 104 Mev/(sec) (kw). 


11.55. The gamma-ray source spectrum for a reactor of the Swimming Pool 
type is summarized in Table 11.3. The total Mev/(sec)(kw) for each photon 


TABLE 11.3. GAMMA-RAY SOURCE SPECTRA 
FOR SWIMMING POOL REACTOR CORE 


Photon Energy 


Gamma-ray Source (Mev) Mev/(sec) (kw) 
Fission (prompt)............. 1.0 1.6 < 101 
Fission-fragment decay....... 3.0 1.9 < 1014 
Aluminum capture........... 3.0 . 1.1 X 108 
Aluminum capture........... 6.0 4.0 x 102 
Aluminum capture........... 7.7 7.7 X 10" 
Aluminum-28 decay.......... 1.8 5.2 X 102 
Water capture............... 2.2 1.9 X 108 
Uranium-235 capture......... 3.0 3.6 X 1018 
Uranium-235 capture......... 1.0 4.4 X 102 


energy is obtained by summation of the various contributions, as shown in the 
example given above. 

11.56. The next stage in the calculation is to determine the fraction of the 
gamma, radiations of each energy that escapes from the reactor core. For this 
purpose use is made of the results of § 10.146, together with the known dimen- 
sions of the core and the linear absorption coefficient of the particular radiation 
in the reactor core. For example, in a Swimming Pool reactor, loaded so 
that the core is equivalent to a cylinder of 21-cm radius, the fraction of 8-M 
radiation that escapes is calculated as 0.42, so that the-rate of escape 
(0.42)(2.4 X 10") = 1.0 X 10" Mev/(sec)(kw). This is equivalent to ab 
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Values for the radiations of 
These represent 


55 Btu/(hr)(kw) of 3-Mev gamma radiation. 
other energies can be determined in an analogous manner. 
the source terms for the subsequent absorption calculations. 

11.57. Finally, from the known absorption coefficients of the reflector and 
shield materials for various gamma-ray energies, it is now possible to calculate 
the absorption, and hence the heat liberated, at different distances from the 
reactor core. The values for the several gamma-ray energies are then added to 
give the total heat-release rate. Some of the results obtained in this manner, 
per megawatt of power output, are depicted in Fig. 11.1 for a Swimming Pool 
type reactor. 
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11.58. The curves are for reflectors of beryllium, graphite, and water, and 
also for a shield of barytes concrete in two locations — one at the face of the 
reactor core and the other at 100 cm from the core with water in between. It 
will be observed that the volumetric heat-source distribution is essentially the 
same in beryllium and graphite reflectors because of the approximate equality 
of the energy-absorption coefficients for gamma rays. 


Example Calculate (a) the maximum volumetric heat-generation rate at the surface of 
a barytes concrete shield (density = 3.5 g/cm) placed 100 cm from a Swimming Pool 
type reactor core, with water in between, when the operating level is 1 megawatt (Mw); 
(b) the heat-generation rate at a point 2 ft inside the shield. 

(a) From Fig. 11.1 it is found that the heat-generation rate in water at 100 cm (3.29 ft) 
from the core face is 17 Btu/(hr) (ft*). In the absence of direct data, the mass absorption 
coefficient, for energy absorption (cf. § 9.48), i.e., ue/p, of the barytes concrete may be 
taken to be the same as that for water. Since the density of the concrete is 3.5 times 
that of water, the (linear) energy-absorption coefficient, u., will be 3.5 times as great, 
Hence, at the same location as the value in water is 17 Btu/(hr) ({t*), the heat-generation 
rate will be 

(3.5) (17) = 60 Btu/ (hr) (ft*) 
in the concrete. 

(b) For an accurate calculation of the heat generation inside the shield, it is necessary 
to know the gamma-ray spectrum at all points concerned, as well as the absorption co- 
efficients for all the energies. An approximate value, however, may be obtained in the 
following manner. 

From the slope of the heat-generation curve in water, the effective linear absorption 
coefficient in this medium at 100 cm from the reactor face is found to be 0.048 em™, 
The equivalent absorption coefficient in barytes concrete will then be (3.5) (0.048) = 0.168 
cm-!, The same effective absorption coefficient in barytes concrete placed directly 
against the reactor face is found, from the appropriate curve in Fig. 11.1, to occur at a 
distance of 0.5 ft from the reactor face; at this point the heat generation rate is 2700 
Btu/ (hr) (ft®). At a further distance of 2 ft into the concrete, i.e., 2.5 ft from the reactor, 
the heat generation is seen to be 7 Btu/(hr)(ft*), giving a reduction factor of 2.6 X 10 
for 2 ft of concrete. Applying the same factor to the value of 60 Btu/(hr) (ft*) at the 
surface, as obtained above, the heat-generation rate at a point 2 ft within the shield, 

separated from the reactor by 100 cm of water, is found to be 60 X 2.6 X 107 = 0,16 
Btu/ (hr) (ft?). 


11.59. The dotted curve in Fig. 11.1 shows the heat-generation rates at vari« 
ous points in a barytes concrete shield calculated by the approximate proceduré 
described in the example just given. The calculated values are somewhat 
higher than those obtained from the more accurate method using the gammfe 
ray spectrum. However, the discrepancies are not serious except for appre= 
‘ ciable distances within the shield, where the heat generation rate is small, in 
any event. 


HEAT TRANSMISSION BY CONDUCTION AND CONVECTION 


INTRODUCTION 


11.60. The purpose of the present section is to consider such aspects of 
design of the reactor cooling system as are concerned with the transmission 


11.62] THERMAL ASPECTS OF NUCLEAR REACTOR SYSTEMS 651 


heat in solid components and the transfer of heat from those components to a 
coolant across the solid-fluid interface.’ It will be seen that, as a result, it is 
possible to determine the temperature distribution in various parts of the 
reactor. Such a knowledge is of importance since, as stated earlier, a particular 
temperature may set a limit on the power output. In most cases of heat 
transmission in a reactor the volumetric heat sources are nonuniform, as seen 
above; nevertheless, the thermal problems can be treated in a manner analogous 
to that encountered in conventional practice. It was mentioned in § 11.21 
that for purposes of calculation it may sometimes be necessary to idealize the 
geometry of the system. For this reason, the following treatment will be 
restricted to simple geometries. 

11.61. There are three general mechanisms whereby heat is transferred from 
one point to another, namely: (1) conduction, (2) convection, and (3) radiation. 
The last of these usually plays a negligible part in heat removal in reactor sys- 
tems, and so it will not be considered further here. The discussion will therefore 
be concerned with heat transmission by conduction and convection.* 


Heat TRANSMISSION BY CONDUCTION 


11.62. The term conduction refers to the transfer of heat by molecular (and 
sometimes electronic) interaction without any accompanying macroscopic dis- 
placement of matter. The flow of heat by conduction is governed by the 
Fourier equation 

q= -ka, (1.62.1) 
where q is the rate (per unit time) at which heat is conducted in the x-direction 
through a plane of area A normal to this direction, at a point where the tempera- 
ture gradient is dt/dz.t The quantity, k, defined by equation (11.62.1), is the 
thermal conductivity. The units employed for expressing k must, of course, 
be consistent with those used for the other variables in equation (11.62.1). 
Thus, if the heat is given in calories, time in seconds, length in centimeters, and 
temperature on the Centigrade scale, then the appropriate units of k are 
cal/(sec)(em2)(°C/em), as used in Chapter VIII. On the other hand, if the 
units used are British thermal units, hours, feet, and degrees Fahrenheit, then 
k will be in Btu/(hr) (ft?) (°F/ft).f 


“For additional information standard texts on heat transfer should be consulted, e.g., 
W. H. McAdams, ‘‘Heat Transmission,” 8rd ed., McGraw-Hill Book Co., Inc., 1954; M. Jakob 
and G. A. Hawkins, ‘Elements of Heat Transfer and Insulation,” 2nd ed., John Wiley and 
Sons, Inc,, 1950. More detailed treatments are given by L. M. K. Boelter, e¢ al., “Heat Trans- 
fer Notes,” University of California Press, 1946; M. Jakob, “Heat Transfer,” Vol. I, John 
Wiley and Sons, Inc., 1949. For special applications to reactor systems, see C. Goodman 
(ldd,), “The Science and Engineering of Nuclear Power,” Vol. I1, Addison-Wesley Press, Inc., 
1949, Chapter 10 (by E. R. Gilliland, et al.); ©, F. Bonilla, Report, M-4476, 

+ The quantity ¢/A, having the dimensions of heat/(time)(area), ¢.g., Bu/(hr) (ft), is called 
the heat flux, 

{ For conversion factors, soo Appendix, Table A.l, 






















652 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [11.63 


11.63. The thermal conductivity, k, is a physical property of the medium 
through which the heat conduction occurs. For anisotropic substances, the 
value of k is a function of direction; although methods are available for making 
allowance for such variations, they are ignored in most analytical solutions of 
conduction problems. The thermal conductivity is also temperature depend- 
ent (see Tables A.3,A.4 in Appendix), and can generally be expressed in a power 
series; thus, 

K=eoqteattof+t---, 


which, in many cases, may be approximated to the simple linear form 


Where considerable accuracy is desirable (and possible), allowance must be 
made for the variation of thermal conductivity with temperature. But very 
frequently, especially when the temperature range is not great, k is taken to be 
constant. Some vaues of interest in reactor design were given in Chapter VIII 
and others will be found in the Appendix. 

11.64. Upon integration of equation (11.62.1), it is found, for unidirectional 
heat flow by conduction in a slab of constant cross section, with k independent 
of temperature, that ‘ 

q=—kA h-t 
v1 — Xe 


(11.64.1) 


where ¢; and ¢: are the temperatures at two points whose coordinates are a, and 
x2, The result meaas that the temperature gradient at a point, ie., dt/dx, in 
the Fourier equation (11.62.1) may be replaced by the average gradient over 
any distance, i.e., (4: — t)/(a1 — 2). 

11.65. If t: — % isreplaced by At, the temperature difference, and x: — x by | 
L, the length of the teat-flow path, equation (11.64.1) upon rearrangement takes 
the form 


At 
_ At 11.65, 
-4 (1.65.1) 


kA 
This expression is aralogous to Ohm’s law, I = E/R; hence the quantity L/kA 
is often called the themal resistance for a slab conductor. The analogy betwee 
the flow of heat by conduction and of electricity is the basis of the thermal cireull 
concept which is very useful in solving heat-transfer problems. In general, the 
rate of heat flow, g, s equivalent to the current, I; the temperature differenas, 
At, is the analogue of the potential difference (or EMF), E; and the thermal 
resistance replaces tke electrical resistance. 


Arnat TRANSMISSION BY CONVECTION 


11.66. Heat transmission by convection, which is usually concerned with 
transfer of heat acrcss a solid-fluid interface, involves macroscopic motion 
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the fluid. In free convection the motion is a consequence of the buoyant forces 
generated in the fluid due to temperature differences within it. In forced con- 
vection, on the other hand, the fluid is displaced by mechanical means, e.g., by 
a pump. When applied to heat removal in reactors, two aspects of convective 
heat transmission must be considered; there is, first, transfer of heat from the 
material which is being cooled, e.g., the fuel element, to the coolant ; and, sec- 
ond, the transport of this heat, usually in sensible form, by flow of the coolant 
from one point in the system to another. Fluid flow is thus an important 
problem, as will be seen later, in the study of reactor cooling systems. 

11.67. The fundamental equation of convective heat transfer, for both free 
and forced motion of the fluid, is Newton’s law of cooling, which may be written 
as 


q = hA,At, (11.67.1) 


where q is the rate of convective heat transfer to or from a surface of area A h 
when the temperature difference is At. The quantity h, defined by equation 
(11.67.1), is usually called the heat-transfer coefficient, but some authors prefer 
the term unit thermal conductance. For engineering calculations, it is usually 
expressed in units of Btu/(hr)(ft?)(°F). It should be noted that equation 
(11.67.1) applies to convective heat-flow in either direction, i.e., from solid to 
fluid or from fluid to solid; the actual direction of the flow depends, of course, 
upon the sign of At. 

11.68. Although the value of h is dependent upon the physical properties of 
the fluid medium, it is also a function of the shape and dimensions of the inter- 
face, and of the nature, direction, and velocity of the fluid flow. Thus, the 
heat-transfer coefficient is a property of the particular system under considera- 
tion. Another factor which determines h is the exact definition of At, i.e., 
the temperature difference between the surface and the fluid. Whereas the 
temperature of the solid is uniquely defined, that of the fluid is subject to several 
arbitrary definitions. The latter is usually taken as the “mixed-mean fluid 


temperature,”’ ty, given by 
pce vidA; 
A 
y= , 
J. : pepvd A; 


where p, ¢,, and v are the density, specific heat, and flow velocity, respectively, 
of the fluid, and A; is the cross-sectional (or transverse) flow area of the fluid. 
The value of the heat-transfer coefficient in any given circumstances can be 
determined experimentally, but for design purposes the general practice is to 
use results predicted by means of various theoretical and semiempirical expres- 
sions (see § 11,124, et seq.). 

11,69, By slight rearrangement, equation (11,67,1) can be written in the 
Ohm's law form 
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a7 
hA, 


so that, as before, g and Aé are analogous to current and potential difference, 
respectively, but 1/hA, now represents the thermal resistance to convective heat 
transfer. Thermal circuits can thus be constructed involving one or more 
stages of thermal conduction combined: with convection for the solution of 
problems involving both types of heat transfer, as will be shown in the succeeding 
paragraphs. 


Heat Conpvuction IN INFINITE SLAB WITH 
CONVECTION BounDARY CONDITIONS 


11.70. Although thermal problems in reactors generally involve internal 
sources, the first (and simplest) case to be considered is that of an infinite slab 
of finite thickness with no internal heat source. It is postulated that heat is 
transferred at both faces by convection and that the heat-transfer coefficients are 
hand ho, respectively. The idealization of an infinite slab is a good approxima- 
tion to real (finite) systems in which the transverse dimension is large compared | 
with the thickness, e.g., the cladding of a parallel-plate type fuel element, or 
the flat plate of a heat exchanger. In the following treatment, steady-state 
conditions with the thermal conductance independent of temperature will be — 
postulated. . 

11.71. The characteristics of the physical system are shown at the left in~ 
Fig. 11.2, and the equivalent thermal-circuit diagram is given at the right. The 
total thermal resistance is the sum of three terms; two (R; and R;) are for the 
convective resistances and the third (R:) is for the conductive resistance of 





PHYSICAL SYSTEM 


THERMAL CIRCUIT 
Fig, 11.2 Heat conduction in infinite slab with convection boundaries 
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the slab; hence, if A is the heat-flow area, the total thermal resistance, R, is 
ee obey asian 
” AeA. hA UA 
The relationship between the heat-flow rate and the temperature difference 
ta — ty, which is equal to At, is thus given by 


sd ao = AG =) 


R + if (11.71.1) 


or 


tg 
tla — bh = vA 
The quantity U, defined by equation (11.71.1), is called the over-all coefficient of 
heat transfer; it has the same dimensions as the heat-transfer coefficient. 

11.72. The equations derived above may be used to determine the steady- 
state difference in temperature, tg — ts, between two fluids in a heat exchanger, 
if the heat-flow rate, g,is given. Alternatively, if t, — t is fixed, the correspond- 
ing value of g can be calculated for specified conditions. The individual tem- 
perature differences, i.e., the two fluid-solid differences and that between the 
two faces of the slab, can be determined by the use of equations (11.67.1) and 
(11.64.1), respectively. 


Hear Conpucrion IN Hottow CYLINDER WITH 
CONVECTION BOUNDARY CONDITIONS 


11.73. Tubular heat-transfer surfaces are used in many heat exchangers, and 
the performance of these can be analyzed on the basis of heat conduction through 
hollow circular cylinders with convection at both interior and exterior surfaces. 
The physical system in cross section and the thermal-circuit diagram are shown 
in Fig. 11.3; it is assumed that all the heat flow is in a radial direction. The 
inner and outer radii of the cylinder are a and b, respectively; ha and h» are the 
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Tia, 11,8 Heat conduction in hollow eylinder with convection boundaries 
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heat-transfer coefficients for the inner and outer fluids, and ¢, and #; are the mixed- 
mean temperatures of inner and outer fluids, respectively. 

11.74. The convective thermal resistances are equal to 1/hzA, and 1/hpAs, 
respectively, where A, and A,» are the areas of the inner and outer surfaces, 
respectively. The thermal conductive resistance of the cylinder wall remains 
to be determined. If / is the length of the cylinder, then the heat-flow rate, 
expressed at an arbitrary radius r, due to conduction within the wall is given 
by equation (11.62.1) as 


q = —k(2nrl) , 


_ where k is the thermal conductivity and 2771 is equivalent to A, the area through 
which heat flow occurs. This expression may be rearranged and integrated over 
the wall thickness, i.e., from r = a to r = ); the result is 


At 
= 11.74.1) 
1 in G/o’ ( 
2rkl 
where At is the difference in temperature across the cylinder wall. 
11.75. It is evident from equation (11.74.1) that the thermal resistance, R,,, 
of the wall is given by 





R, = Db/a), (1.75.1) 
2rkl 
The total thermal oe of the system oe consideration is consequently 
p= t+ noe lh 





2rkl ai ~ UsAs 
where U; is the over-all ex coefficient based on the outer surface of the 
cylinder. According to the thermal-circuit concept 


q= aot = UrAr(ta — te) 
or 
SF a, 
ty ty UsAy 
where 
U,= Eee (11.75.2) 


,= 
_b , bn (b/a) , 1 
i es 

An example of the application of these results will be given later (§ 11.185). 


HEAT TRANSMISSION IN SYSTEMS WITH INTERNAL SOURCES * 


a 


GENERALIZATION FROM ONE-DIMENSIONAL SLAB 


11.76. The treatment of heat transmission in the steady state will now 
extended to systems with internal sources and, for this purpose, the simple, o 
*See L. M. K. Boelter, et al., op, cit,, Chapter VIL; M, Jakob, op, cit, Chapter 10, 
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dimensional case of an infinite slab will be examined (Fig. 11.4). Consider a 
thin section of the slab of thickness dz at x; then in the steady state the heat 
rate balance requires that 


Heat conducted out of A dx — Heat conducted into 
A dx = Heat generated in A dz, 


where A is the heat-conduction area, so that A dx 
is the volume of the section. By equation (11.62.1) 


dt 
~a () 


dt 
out = —kA (5) 
Fic. 11.4 Heat transmis- 


assuming the heat flow is from left to right. Taking sion in infinite slab with 
the difference of these terms and expanding the ex- internal source 
pression for gout, it is found that 


ete) las) |G) 


= -ka (TS ) ae (11.76.1) 


din 


and 





dout — in 


higher order terms in the expression being neglected. 

11.77. If Q(x) represents the volumetric thermal source strength, expressed 
as heat generated per unit time per unit volume at 2, e.g., in Btu/(hr) (ft*), then 
Q(x)A dz is the heat generated per unit time in the section of the slab under con- 
sideration. It follows, therefore, from the heat-balance equation and from 
equation (11.76.1) that 


—hA (S =) dx = Q(x)A dx 


so that 
at 
hoa = Q(z), (11.77.1) 
where Q(a) may or may not vary with x. 
11.78. It can be shown that equation (11.77.1) is a particular form of the 


general equation for the steady state in a system with an internal source, namely, 
—kV*t = Q(r), (11.78.1) 


where the thermal conductivity k is the same in all directions, i.e., for a truly 
isotropic medium, and V? is the Laplacian operator (§ 3.16), It is apparent that 
in the one-dimensional case, in Cartesian coordinates, equation (11.78.1) reduces 
to equation (11.77.1), For conduction in a cylinder, in the radial direction, 
equation (11,78,1) becomes 

























658 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING {11.78 
at ,1 dt 

—k(3+--7)= 1:78,2 

a (S44. F) = a0) (11.782) 

and for a sphere 

Pit , 2 dt 

soe So SS s 11.78.3 

(S42. 2) = a0 (11.783) 


ConpuctTIon In INFINITE SLAB WITH UNIFORM SOURCE 


11.79. Many reactor designs, e.g., MTR, Swimming Pool type, etc., have 
plate-type fuel elements which can be idealized as an infinite slab with a uni- 
formly distributed thermal source. In this case, equation (11.77.1) may be 
used with Q constant, independent of x. The general solution of this differential 
equation is then 


t= BO sO Oi, 


11.79.1 
Ok ( ) 


where the constants C and C2 are to be evaluated from the boundary conditions, 
which in this case (see Fig. 11.4) are 


z=0,t= and t=L,t=64. 
It is thus found that 


Qz? | (hab a) 
i= -2F + ( Eo Popp? ee 


which gives the steady-state temperature ¢ at any point x in the slab. Differen- 
tiating equation (11.79.2) with respect to x to obtain dt/dzx, and inserting the 
result in equation (11.62.1), it follows that 


Poe ips k(to— 4) (1.79.8 
i po fer ee 8. anal 


11.80. The slab of thickness L shown in Fig. 11.4 
may be regarded as the right half of a plate-type 
fuel element, of thickness 2L, in which both surface 
temperatures are the same. In this case q = 0 at 
x = 0, at the middle of the fuel element, since the tems 
perature is a maximum and dt/dz is, consequently, 
zero at this point. If q is equal to zero for # = 0, 
equation (11.79.3) reduces to 


[2 
o— = Se 


(1.79.2) 


SHS Sree => 
° 


0 e+ ——> 


}-—_—__ 2. ___-|$ 


Fig. 11.5 Temperatures 
in plate-type fuel element 


where f& — & represents the temperature difference from the central plane 
the outer surface of the fuel element (Fig. 11.5). ' 
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Heat TRANSMISSION IN CLAD Puate-TtyPpE FurL, ELEMENT 


11.81. The physical system for a plate-type fuel element clad on each face to 
form a “sandwich” is shown in Fig. 11.6. Here a is the half-thickness of the 
fuel portion and b is the half-thickness of 
the sandwich; t is the ‘temperature at the 
central plane of the fuel and & is that 
at the fuel-cladding interface. The flow 
of heat is assumed to occur only in the 
x-direction. 

11.82. The internal heat source is in the 
fuel-bearing region of the element, and 
here equation (11.77.1) is applicable, i.e., 


at 
hee Seo Q, 





-——}_ canning 
Lemesamapsacill 


COOLANT 
te 
0< 2a, 


and if the heat source is assumed to be 
uniform, the general solution is given by 
equation (11.79.1)._ The boundary condi- 
tions are 


Fie. 11.6 Heat transmission in 
clad plate-type fuel element 


dt 


fp Ee and t=, x=a, 


so that the appropriate solution is found to be 


t-—= e (a? — 2), O0O<aca. (11.82.1) 
By means of this equation, the steady-state temperature ¢ at any point z, in the 
fuel-bearing region, can be calculated. The temperature distribution in the 
fuel element may be assumed to be symmetrical about the central plane, so 
that equation (11.82.1) also applies to negative values of x. 

11.83. The heat transmission through the cladding into the coolant fluid can 
now be treated by the simple thermal-circuit method, with convection at one 
boundary ;* thus, if is the mixed-mean temperature of the fluid, then 


a oma by = q(Retaa + Reonv) 
we Ce 
te ( et i) 
Where Resa = (6 — a)/k.A is the thermal resistance of the cladding (thermal 
conductivity = ke) and Reony = 1/hA is the convective thermal resistance at 





(11.83.1) 


* The small quantity of heat liberated in the cladding from various sources is neglected in 
this calculation, 
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the cladding-fluid interface (heat-transfer coefficient = h); A is the area of the 
heat-transfer surface. From a heat-rate balance, gq at the interface is found to 
be AQa. Since there is no thermal source in the cladding, this is the value of ¢ 
in equation (11.83.1); hence 


b— 1 
b— y= Qa( +i) 


This gives the difference in temperature between the fuel-cladding interface 
and the coolant. 

11.84. For any point z in the cladding, the corresponding temperature dif- 
ference ¢ — t; is obtained by substituting x for a in the thermal resistance term 
in equation (11.83.2) ; the result is 


b-2z,1 
1-4 = Qa( i +3) 


At the outside surface of the cladding, where x = b, the temperature é is given 
simply by 
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(11.83.2) 


ac<acb. (11.84.1) | 


pee ga. (1.84.2) 


11.85. If there is no thermal resistance at the surface of contact between the 
fuel-bearing region and the cladding (cf. § 11.98), the difference in temperature _ 
between any point in the fuel portion and the coolant can be obtained by adding 
equations (11.82.1) and (11.83.2); thus, 


ae Q rr) b—-a i) 
t ty = 55 (a x") + Qa ke +7); 
At the center of the fuel element x = 0 and t = &; hence, 


2 — 
tn — 4 = SF + Qa (P=* + 3) 


‘ 


0<2<a. (11.85.1) 





(11.5.2) 


This gives the maximum temperature difference in the system. 


Example Determine the steady-state temperature distribution in a plate-type fuel 
ment consisting of 1 mm of a uranium-aluminum alloy, containing 18 per cent by we 
of uranium enriched to 90 per cent in U-235, clad on each side with 0.5 mm thickness 
aluminum. The thermal conductivities of the fuel region and the cladding may be 
to be the same, namely, 118 Btu/(hr) (ft?)(°F/ft). The thermal-neutron flux in the 
region is 10‘ neutrons/(cm?)(sec). The plate is cooled on both sides by water w 
temperature is 80°F, and the heat-transfer coefficient for the given conditions is 7 
Btu/(hr)(ft?)(°F). (The thermal source in the fuel-bearing section may be assumed 
be uniform and & may be taken as being independent of temperature.) 

The first problem is to determine the thermal source strength, Q; this is equal 
2,E, where 2; is the thermal macroscopic fission cross section in the fuel region, @ 
the thermal-neutron flux (which is known), and E; is the energy released in the fuel 
fission (which may be taken as 200 Mev). Hence it is required to evaluate Zy = 
where a; is the thermal fission cross section of uranium-235 (about 520 x 10™ 
~120°F) and N is the number of these nuclei per om’ of the fuel, 
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Taking the density of uranium as 19 g/cm? and that of aluminum as 2 7 3 

’ ‘ . cm$, th 

density of the fuel region (18% U-82% Al by weight) is found to be 3.2 g/ o Since 

the uranium contains 90% of U-235, there are (0.9) (0.18) g of U-235 per gram of fuel 

or (0.9) (0.18) (3.2) g of U-235 per cm? of fuel. Each 235 g of U-235 contains 6.02 x 10 

(the Avogadro number) nuclei, so that 


Ses Wie se (0.9) (0.18) C2600 % 1075) (520 < 10%) 





= 0.69 cm—, 


The fission rate is Dy = 0.69 X 10" fissions/(sec)(cm3), and so, at 200 Mev/fission 
the rate of energy release is 1.838 X 10'6 Mev/ (sec) (cm?) ; hence, ‘ 





Mev Btu m3 
Q = 1.38 X 10! ———. x 1.52 x 1075 sec cm" 
(sec) (em?) x Mev x 3600 br X 2.83 & 104 ft? 


= 2.1 X 108 Btu/(hr) (ft). 
Noting that a = 0.05 cm = (0.05)(3.28 X 107) = 1.64 X10 ft, b=01 
s 0 p : a =0.1 cm = 
o8 x 10° ft, t = 80°F, k = k. = 118 Btu/(hr)(ft*)(°F/ft), and h sa 7800 Btu/(hr) 
(ft?)(°F), the temperature by, at the central plane, where x = 0, is given by equation 
(11.85.2) as 131.4°F. Similarly, from equation (11.83.2), t, is found to be 129°F and, 


140 
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Fic. 11.7 Temperature distribution in clad plate-type fuel element 


from equation ( 11.84.2), the value of f2 is 124°F. Temperatures between f and & are 
found from equation (11.82.1) and from ¢, to ft from equation (11.84.1) ; the results are 
plotted in Fig. 11.7. The dotted portion indicates that the temperature distribution in 
the fluid is not determined here. 


Hear TRANSMISSION IN Crap CyLInpRicaL Fur, ELEMENT 


11.86, In many reactors, e.g., X-10, Brookhaven, NRX, etc., the fuel ele- 
ments are in the form of cylindrical slugs, usually clad with aluminum, the heat 
being removed from the outer surface by convection. ‘The determination of 
the steady-state temperature distribution is similar to that described for a 
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plate-type fuel element. Consider first the fuel cylinder of radius a (Fig. 11.8), 
with uniform source Q. For heat conduction in the radial direction, equation 
(11.78.2) is applicable, the general solution being 





t= —< + Cilnr + Cy, 0<rK<a. (11.86.1) 
The boundary conditions in the present case 
CLADDING are 
t= 0,7 =0 and t=u4,r=a, 
r 
so that the appropriate solution is 
t-a=-2@—-, 0<rc€a, 


where ¢ is the temperature at the radial dis- 
tancer. If % is the temperature along the 
central axis, where r = 0, then 


_ aa 


Fig. 11.8 Heat transmission in 
clad cylindrical fuel element 


o-—h= 7b (11.86.2) 


for the temperature drop across the fuel itself. 
11.87. For the transmission of heat through the cladding to the coolant, 


h—-t= q(Retaa + Reonv) 
as before, where Resa is identical with R, of § 11.75 and is given by equati 


(11.75.1), and Reonv is 1/hA, where A is the outside area of the cylinder of le 
l, i.e., 2rbl. It follows, therefore, that 


-t fi B ay 
nya sG (Ee +i 


At the interface between fuel and cladding, where x = a, dt/dr = —Qa/ 
since the surface area is here 2zal, it follows from a heat-rate balance that, 


q = ra7lQ 
and, hence, Qa? (1 nd ‘ 1) 
a oy, aT 
This gives the temperature difference between the fuel-cladding interface 


the coolant. 
11.88. Upon adding equations (11.86.2) and (11.87.1), the temperature 
from the center of the fuel element to the coolant is found to be 


2 bake 
4 = OE 4 EE n+) (11, 


(11.87, 


heist, @. ohh 
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assuming negligible thermal resistance at the fuel-cladding interface. Equa- 
tions for the temperature distribution in the cladding or for the difference 
between the temperature at any point in the fuel or the cladding and the coolant 


can be readily derived, if required, by a procedure similar to that used for plate- 
type elements. 


Example Determine the maximum specific power (in kw/kg) obtainable with a water- 
cooled, cylindrical fuel rod of natural uranium, 0.9 in. in diameter, having an aluminum 
cladding 50 mils (0.05 in.) thick, assuming that the maximum metal temperature does 
not exceed 1000°F and the maximum mean coolant temperature does not exceed 200°F. 
What is the temperature drop through (a) the fuel, (6) the cladding, (c) between the 
cladding and coolant, at maximum power? The following data are to be used: For uran- 
ium, k = 14 and for aluminum, & = 118 Btu/(hr) (ft?) CF/ft);h = 6000 Btu/ (hr) (ft?) °F), 
a representative value for water flowing at about 30 ft/sec in a narrow channel. 

The specific power is related to Q, the volumetric source strength, since this is a meas- 
ure of the rate of heat release by fission per unit volume of fuel. Hence, the maximum 
value of Q must be determined; this can be done by means of equation (11.88.1), setting 
to = 1000°F, and t; = 200°F, so as to give the maximum permissible temperature drop. 
Then, with a = 0.45 in. = 0.0375 ft, and b = 0.50 in. = 0.0416 ft 


2 


— 999 — QL0.0375)? | Q(0.0375)? [ 1 | 0.50 1 
pe eee (4)(14) 2 tis o.48 t (6000) (0.0416) 
= 2.85 X 10-*Q 
pee. : : 
O = 355 x 108 = 2:80 X 10° Btu/ (hr) (ft?). 


Since 1 Btu/hr = 2.93 « 10-4 kw, Q = 8.22 x 10% kw/ft®. The density of uranium 
is about 19 g/cm’, i.e., 0.019 kg/cm’, so that 1 ft? = 2.83 X 10* cm! of uranium weighs 
(2.83 X 104)(0.019) = 5.37 X 102 kg. The required maximum specific power is conse- 
quently 8.22 X 108/5.37 & 10? = 15.4 kw/kg of fuel. The specific power per kilogram 
of fissionable material is 140 times this value, i.e., (140)(1.45) = 2160 kw/kg of U-235. 


The temperature drop across the fuel is tf) — h, and by equation (11.86.2), using Btu 
as the heat unit in Q and k, this is 


Qa? (2.80 X 107) (0.0375)? 
4k (4) (14) 
= 704°F, 


The temperature drop across the cladding is given by the first term in the parentheses 
in equation (11.88.1); hence, 


b-t= 


b= ty = 2 iy — 2:80. X 10°) (0.0875)? 2:50 
ae ee (2) (118) 0.45 
= 17°F, 


The temperature drop between the cladding and coolant is obtained from the second 
term in the parentheses in equation (1 1.88.1); thus, 


be — pm 20 _, (2.80 X 10") (0.0375)? 
* 1 Dh ~~ (2)(6000) (0.0416) 


m= 70°F, 
(It will be noted that the three temperatures add up to 800°T", as they should,) 
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Hear TRANSMISSION IN HoLttow CYLINpRIcAL Fury ELEMENT 


11.89. There has been some interest in a hollow, cylindrical fuel element, 
cooled internally and externally, in order to increase the heat-transfer surface. 
This case will be considered briefly. The steady-state temperature distribution 
in the fuel region is given by the differential equation (11.78.2), of which the 
general solution is equation (11.86.1), 
assuming a uniform source and radial 
heat transmission. 

11.90. An appropriate solution can 
be obtained for a long cylinder in 
which the steady-state temperature 
distribution has become established, 
the boundary conditions being that the 
heat conducted out of each surface is 
convected away by the corresponding 
coolant stream. The mixed-mean 
coolant temperature for each side is 
obtained by making a heat-rate bal- 
ance on the system, i.e., the total heat 
generated in the fuel element is lost 
by convection to the two coolant 
streams. 

11.91. The procedure for determin- 
ing the temperature distribution in 
the internal and external cladding, 
using the thermal-circuit concept, is 
similar to that described in preceding sections and need not be given here. An 
accurate analysis of the temperature distribution in the fuel requires, of course, 
that the cladding be taken into consideration in the basic equations. 
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Fia. 11.9 Heat transmission in insulated 
cylinder 


Heat TRANSMISSION IN MopsERATOR: INSULATED CYLINDER 
WITH CONVECTION 


11.92. A special case of heat transmission in a hollow cylinder arises in the 
treatment of the temperature distribution in a moderator structure pierced 
with regularly spaced coolant channels. It is a good idealization then to assume 
that the region surrounding each coolant channel constitutes an insulated eylin« 
der with a uniform heat source and an internal convective boundary (see 
Fig. 11.9). The treatment is applicable also to an internally cooled cylindrieal 
fuel element surrounded by moderator. 

11.93. As before, the general solution is given by equation (11.86.1), 
constants C; and C, being obtained from the following boundary conditio 
Since all the heat flow is toward the center of the channel, it is apparent 
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a maximum temperature will occur at the outer surface of the insulated cylinder, 
where r = 6. This leads to the boundary condition 


dt 
(z),. 7° 


t= ley 
It can then be readily shown that 


and the other condition is 
t=. 


sepa tee Qo, Fr 11.93.1 
t-—t = ae @) +3, ne (11.93.1) 


which gives the temperature distribution within the moderator. 

11.94, In order to determine the distribution with respect to the coolant 
temperature, use is made of the fact that, in the steady state, all heat reaching 
the moderator-coolant interface (where r = a) by conduction is transmitted to 
the coolant by convection; hence, 


dt 
k le. = hits — ). 


Utilization of this result together with the expression for di/dr at r = a, obtained 
by differentiation of equation (11.93.1), gives 


b2 
tg — ty = ¥.(E - a), 


for the temperature drop from the inner surface to the fluid. Hence, 


~8/¢-? tT), 2 (P_ 
4 -$( 2 +eme)+o(C a) 


S[F+m(n-2)]+G(E-9) 


where ¢é, is the maximum temperature attained in the moderator. 





and 


b—t& = 


Heat TRANSMISSION IN SHIELDS AND PRESSURE VESSELS: 
SLAB WITH EXPONENTIAL Hat Source 


11.95. In all the preceding examples it has been postulated for simplicity, 
since it is a good approximation, that the heat source is uniformly distributed 
within a conductor. <A situation will now be considered in which the heat 
source has an exponential distribution. This is often the case in external 
reactor components, such as shields and thick-walled pressure vessels, where 
the heat is largely due to the absorption of gamma radiation, so that the heat 
source falls off exponentially. When the shield (or pressuré vessel) is a sphere 
or cylinder of large dimensions or rectangular in shape, it may be treated as a 
slab, 
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11.96. In these circumstances, the volumetric heat source is represented by 
Q = Qe “* where », is the energy-absorption 
coefficient (§ 9.48); equation (11.77.1) then 


takes the form 
at 
TF gat = Oe" 


of which the general solution, provided k is con- 
stant, is 


t= —- iets + Cw + Cs 





The boundary conditions are (see Fig. 11.10), 
t=th,2=0 and t=4,2=L, 


where L is the thickness of the slab. These lead 
to the solution 


x 
=. a 
Fie. 11.10 Heat transmission 
in slab with exponential source 


th =(k- ies Qo 2] (e- el — Ns mete 1| (11.96.1) 


for the steady-state temperature distribution in the slab. It may be noted that — 
the first term on the right represents the linear temperature distribution due 
only to the difference in temperature between the two faces of the slab, whereas 
the second gives the effect of the exponential heat source. 

11.97. Under certain conditions the combination of the two terms just men- 
tioned leads to a temperature maximum within the slab. The point at which 
this occurs may be obtained by equating to zero the derivative of equation 
(11.96.1) with respect to x. The result is 


jodieeaey (1.97.1) 


(2) max = Be L 


iin [ = b) Or i 


The maximum temperature can be obtained by inserting this value for a into 
equation (11.96.1). 


Example A water-cooled and -moderated power reactor is contained within a thick 
walled pressure vessel. This vessel is protected from excessive irradiation (and, th 
excessive thermal stress) by a series of steel thermal shields between the reactor core un 
the pressure vessel. One of these shields, 2 in. thick, whose surfaces are both maintain 
at 500°F, receives a gamma-ray energy flux of 10’ Mev/(cm?)(sec). Calculate the looit« 
tion and magnitude of the maximum temperature in this shield. The energy-absorption 
coefficient of the radiation in the steel may be taken to be 0.164 cm™, and the the 
conductivity as 23 Btu/(hr) (ft?) (°F /ft). 

In this case, ¢, and t; are both 500°F, so that t; — ty is zero. 
ie., L (Fig. 11,10), is 2 in. = 


The thickness of the 
1/6 ft, and p, in ft~ is given by 


Me ™ (0,164) (30.5) = 5.0 ft, 





11.101] THERMAL ASPECTS OF NUCLEAR REACTOR SYSTEMS 667 


Hence, by equation (11.97.1), 


1 1—e78 
(hme = ~55"(|) 


0.078 ft (or 0.94 in.). 


The maximum temperature is thus attained just inside the midplane of the shield. 

The maximum temperature is calculated from equation (11.96.1) with 4 = 500°F, 
k = 23 Btu/(hr) (ft?) (CF/ft), and x = 0.078 ft. The value of Q is given in § 9.44 as 
pEy.; since dE is here 10% Mev/(cm?)(sec) and y, is 0.164 cm, then 


Qo = (10") (0.164) = 1.64 X 10% Mev/(cm') (sec) 
= 2.54 X 10° Btu/(ft*) (hr), 


so that 
= = “oem a 1y (0.078) _ | 5) @.078) 
teas — 500 = “| ( ies isd 
= 25°F 


and tmax is consequently 525°F. 


Contact RESISTANCES BETWEEN SOLIDS 


11.98. In the calculation given above for clad fuel elements, it was assumed 
that the thermal contact resistance at the fuel-cladding interface was negligible 
because there is usually metallurgical bonding. The resistance to the flow of 
heat between two solid surfaces in simple mechanical contact is highly unpre- 
dictable. An estimate can sometimes be made concerning the effectiveness of 
a given contact. For example, a pessimistic estimate can be obtained by cal- 
culating the resistance across a gas film of the thickness indicated by the rough- 
ness of the surfaces. Increasing the contact pressure will reduce the thermal 
resistance because of minute deformation of the asperities. 

11.99. As the theoretical estimates are uncertain, as much experimental data 
as possible should be obtained from a mocked-up system. Thermal conduct- 
ances of the order of 10,000 to 50,000 Btu/(hr)(ft?)(°F) have been observed 
where good contact is maintained. 

11.100. Thermal cycling, i.e., alternate increase and decrease of temperature, 
may misalign surfaces which had previously been in reasonably good contact, 
and thus decrease the conductance. For example, if a cylindrical cladding 
jacket is drawn on to a fuel slug (or element) by passing it through a die, the 
inner surface of the jacket will be pressed into irregularities of the slug surface. 
Heating of this assembly, particularly from the inside, e.g., by fission, may 
stretch the jacket so that upon cooling it fits rather loosely, and subsequent 
reheating may not result in perfect alignment between the fuel element and its 
cladding. 

11,101. In some reactor systems, the heat flow from a fuel element in contact 
with a solid moderator is an important factor in cooling the fuel element, Tor 
example, in some air-cooled natural uranium-graphite reactors, @.g., the Oak 
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Ridge X-10 reactor, the cylindrical fuel element rests on the graphite moderator 
inanairchannel. The heat flow from the fuel element to the graphite and then 
to the air passing through the channel helps to lower the temperature of the 
fuel. Heat-transfer measurements with a solid, 
cylindrical fuel element resting in one corner of 
a square channel in the graphite, in a mock-up 
of an X-10 fuel slug and channel (Fig. 11.11), 
gave a value of 2.5 Btu/(hr)(ft)(°F) for the 
uranium to graphite contact heat coefficient. 
It should be noted that, since the area of 
contact is not known, the coefficient is ex- 
pressed in terms of unit length (rather than 
unit area) of contact, so that the dimensions 
are different from those for the heat-transfer 
coefficient. Thus, in the case under consid- 
eration, the rate of heat flow from metal to 
graphite per foot length of the fuel elements 
: is 2.5 Atcon Btu/hr, where Aton is the contact 
temperature difference between the metal and the graphite in °F. 





AREA ASSOCIATED 
WITH COOLANT CHANNEL 


5 | CHANNEL 


FUEL ROD 





Fie. 11.11 Cylindrical fuel ele- 
ment in square channel in graphite 


TEMPERATURE DISTRIBUTION ALONG PATH 
OF REACTOR COOLANT 


GENERALIZED CooLANT CHANNEL 


11.102. The foregoing treatment of temperature distribution has dealt 
exclusively with radial variations; consideration will now be given to the steady= 
state longitudinal temperature distribution along a fuel element, for example, 
resulting from the flow of a coolant. The most common type of reactor desigh 
involves regularly distributed fuel elements; these are cooled by the flow 
some fluid through a number of parallel channels which traverse the entire 
reactor core. Associated with each channel is an effective area, such as is sho 
in Fig. 11.11, transverse to the channel length, from which the coolant in 
channel removes the heat. 

11.103. A generalized representation of a coolant channel, with its associa 
effective heat-removal area, is shown in Fig. 11.12 in which the different variab 
are identified. The x-coordinate is seen to represent the direction of coo 
flow. The rate, dq(x), at which heat is added to the stream in a differen 
length, dx, of any coolant passage is then given by 


dq(x) = Wey dt, (11,108, 


where w is the mass flow-rate (mass/time) of the coolant in the channel, ¢» is 
specific heat, and dt is the differential temperature increase in the coolant 
the length dx. For simplicity it will be postulated that all heat flow within 
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solid is normal to the coolant stream, i.e., there is no heat conduction within 
the solid parallel to the coolant passage.* Then dgq(z) is the rate of heat genera- 
tion in a volume A dz, where A is the fuel area in the yz-plane associated with 
the given coolant channel. Since the volumetric heat source is, in general, a 
point function, Q°(x,y,z), it is possible to write 


d(x) = [f Q%(x,u,2) dy de] de, 
the integration being carried over the fuel area. 
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Fie. 11.12 Generalized coolant-flow channel 


11.104. If a local average heat source per unit volume, Q(z), is defined by 


1 
Q@) =F if Q(x, y, z) dy dz, 
it follows that 
dq(x) = AQ(z) dx. (11.104.1) 

Hence, from equations (11.103.1) and (11.104.1), the longitudinal temperature 
distribution, in the direction of coolant flow, must satisfy the relation 

dt _ AQ 

dt We» 
it being understood that Q is really Q(x). If the quantity A/we, is independent 


of x, the longitudinal distribution of the coolant fluid mixed-mean temperature, 
ty, will be given by 


x 
ty — ty = A Q de’, (11.104.2) 
Wy JO 
where the fluid entrance temperature, & at « = 0, is chosen as the datum. This 
expression gives the increase in the coolant temperature due to the heat added 
as it flows along the channel. 


* This postulate implies that tho following analysia gives a good approximation, provided 
dt/de & dt/dn, whore n is the coordinate normal to a, 
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11.105. By equation (11.67.1), the local (solid) surface temperature, ¢,, is 
related to the mixed-mean fluid temperature, ty, by 
ME) on he 
id = Mt — ), 
where h is the heat-transfer coefficient for the given conditions, and dA, is a 
small element of heat-transfer area. It will be assumed that h is independent 
of x, which is the case for channels having a large ratio of length to diameter. 


If p is the passage perimeter, then dA, = p dz, and equation (11.105.1) may 
be written as 


(11.105.1) 


dq = hp(t. — t,) dx. (11.105.2) 
From equations (11.104.1) and (11.105.2) it is seen that 
AQ 
-—-%= 11.105. 
ager (11.105.3) — 


which is the local temperature difference across the solid-coolant convective 
resistance. If numerator and denominator are multiplied by L, the total channel 
length, it is found that 


ints a (11.105.4) 


where A, and V are the heat-transfer area and heat-generating volume, respec- 
tively, associated with the channel. 


Costner LoneirupiInaL Source DistrRIBuTION 


11.106. In a bare cylinder or rectangular parallelepiped reactor, the neutron 
flux has a cosine distribution in the longitudinal direction (Table 3.7). The 
volumetric heat-source distribution in this direction will thus also be repre= 
sented by a cosine function (§ 11.39). Previously the origin of the coordinates 
was chosen at the center of the reactor. For the present purpose, however, 
it is more convenient to take the origin at the reactor face (Fig. 11.13), so that 
the heat-source distribution along a particular fuel channel can be represented by 


Q = Qsin - (11.106,1 


where Q is the volumetric heat-release rate at the point x, and Q is the m 

mum value at the center of the channel; L is the total channel length, assumi 
no reflector. Upon inserting this expression for Q into equation (11,104,2 
and performing the integration, the result is 


= = Bet ( iia 
& oe 1 cos 


= eel _ cos) 


TWCy 


which gives the rise in temperature of the coolant as it flows through the ¢ 
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11.107. The temperature of the coolant increases continuously, as shown in 
the bottom curve in Fig. 11.14; the over-all (mixed-mean) temperature rise, 
represented by Até,., is seen to be 


At me = yag w 2 (11.107.1) 


TWCp 


It is of interest to note that this result can be derived in another manner. Since 
Qo is the maximum value of the heat-release rate per unit volume, the average 
is 2Qo/m (cf. § 11.40), and the total heat-release rate for the given channel is then 
2Q.V/r. In the steady state this must, of course, be equal to the rate at which 
heat is removed by the coolant, i.e., we,At., so that equation (11.107.1) follows 
immediately. 


to 


| 
| Mp ae 
Q ° 
et 


to 
° — <x L 0 


L 


Fig. 11.13 Cosine distribution of 
volumetric heat source 


Fig. 11.14 Longitudinal variations of 
coolant and fuel-surface temperatures 


11.108. The temperature difference between the solid and the fluid at any 
point is obtained from equations (11.105.4) and (11.106.1) as 


ght) a a sin =, (11.108.1) 
which is seen to be analogous to equation (11.106.1) for the source distribution. 
The value of t, — t, consequently, passes through a maximum when x = 3L, 
i.e., in the middle of the channel, as shown in the second curve of Fig. 11.14. 
This result is, of course, to be expected since at any point the fluid-solid temper- 
ature difference will be proportional to the radial heat-flow rate at that point, 
and this is & maximum in the center of the fuel channel, 
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11.109. The value of ¢, — i, i.e., the metal surface temperature at any point 
with respect to the value at tke channel entrance, is obtained by adding equa- 
tions (11.106.2) and (11.108.1), so that 


css OF sin mx +2 QV me ang *) (11.109.1) 


It is apparent that ¢, — & must pass through a maximum at some point beyond 
the middle of the channel, as shown in the top curve of Fig. 11.14. This maxi- 
mum represents the highest surface temperature of the fuel element. The point 
at which the maximum is attained is found by differentiating equation (11.109.1) 
and setting the result equal to zero; thus, 

Hic Ae (=z). (11.109.2) 

Tv hA, 

From this expression it is seen that the position of the maximum value of ¢, 
approaches the end of the channel, i.e., %max — L, as w and cp decrease, and h 
and A, increase. 

11.110. The maximum surface temperature in the given channel can now be 
obtained by insertion of 2max into equation (11.109.1). Assuming the coolant 
flow rate to be the same in all channels, the maximum fuel element surface tem- 
perature occurs in the channel where the neutron flux isa maximum. In this case 
Q) is the volumetric heat-release rate at the center of the reactor, and the cor- 
responding maximum value of ¢, may determine the maximum reactor power. 

11.111. It should be noted that the surface temperature, é,, considered above, 
is less than the temperature in the middle of the fuel element. The difference, 
represented by the temperature drop through the fuel region and the cladding, 
can be calculated by the methods described earlier (cf. § 11.81, e¢ seq.). 

11.112. For purposes of computation, it is convenient to represent ra/L by 
the symbol a, i.e., 


=> ae. 
Pe 
It can then be found from equation (11.109.2) that 
we 11.112.1 
tan Qmax hAp ( ) 


where dmax = T€max/L. Utilizing this expression for tan amax, equation (11.109.1) 
can be reduced to 


en EY Ft ees 
(ts)max — fo = ane (1 — sec max). (11.112,2) 


With these two equations the value of the maximum surface temperature and — 


its location can be readily evaluated. 


Example Flat fuel elements, 2.5in. wide and 30 in, long, are arranged in an approxe 
imately cylindrical array in a water-cooled (and moderated) reactor, of the Swimming 
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Pool type. To prevent the water from boiling, the maximum surface temperature of 
the elements is set at 200°F. The water enters at 100°F and flows upward at a rate of 
3 ft/sec through cooling channels formed by 
spacing the fuel plates at 0.120 in. apart (Fig. 
11.15). Assuming for simplicity that the water 
reflector has a negligible effect on the neutron 
flux in the reactor, determine (a) the minimum 
number of channels required if the reactor is to 
operate at 3000 kw, and (b) the average tem- 
perature of the exit water under these condi- 
tions. Given that at the metal-water interface 
h = 1050 Btu/(hr) (ft?) (°F); the density of the 
water is 61.8 lb/ft?, and the specific heat is 
1.00 Btu/(Ib)(°F). (The heating of the water 
in its capacity as moderator may be neglected.) 

The mass rate of flow, w, of the coolant per 
channel is equal to vpAy;, where v is the velocity 
of the coolant (3 ft/sec = 10,800 ft/hr), p is 
the density of water (61.8 lb/ft®), and Ay, is “ 
the cross-sectional (or flow) area of a coolant ate COOLANT 
channel. In this case Ay = (2.5)(0.12)/144 
= 2.08 X 10-3 ft?; hence, 


FUEL 
PLATES 





Fig. 11.15 Coolant channels between 
vertical fuel plates 
w= vpAy 
= (10,800) (61.8)(2.08 10-3) = 1.89 X 103 lb/hr. 

In order to determine zmax, the value of A, the heat-transfer area per channel, is re- 
quired. Since the coolant in each channel receives heat from two fuel-element surfaces, 
it follows that 
(2) (2.5) (80) 

144 


Consequently, by equation (11.112.1), 


_ (B.14)(1.39 X 10°)(1.00) 
(1050) (1.04) 


A, = = 1.04 ft? 


= —3.98 


tan Qmax = 


and, hence, 
SCC Qmax = —4.11. 


The problem stipulates that (f,)max is 200°F and, since f is given as 100°F, it follows from 
equation (11.112.2) that 


3 
QV = 100 x eles 7 S00) ns 83:88\00 10" Beal thn) Channel); 


The value of Qo, the volumetric heat source at the center of the core, may be taken 
to be 3.64 times the average; hence, 


8.55 x 104 
3.64 
which gives the average rate of heat generation per channel, ‘The total power of the re- 


actor is to be 3000 kw, i.e,, 10,24 % 10° Btu/hr, and so the minimum number, n, of coolant 
channels required is 


QV = = 2.35 < 10‘ Btu/(hr) (channel), 
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_ 10.24 x 105 
~ 2.35 X 10! 


The average temperature rise of the coolant, Af, is obtained by equating QayV (heat 
generated per channel) to we,At, (heat taken up by coolant per channel); then 
— QV 2.35 X 104 


we, ~ (1.39 X 101.00) ~ 169°. 


[11.112 


= 435 channels. 


At. 


11.113. Although the foregoing treatment is adequate for preliminary cal- 
culations, its limitations should be borne in mind. In the first place, the results 
apply to a bare core without reflector and so are not truly applicable to a Swim- 
ming Pool type reactor. For a reflected reactor such as this, the flux (or power) 
distribution is flatter than in an equivalent bare core, and the ratio of maxi- 
mum to average specific power (or volumetric heat source) is lower. One 
method of treating the problem of a reactor with a thick reflector is to assume 
a cosine source distribution, as in Fig. 11.18, but to suppose that the value of Q 
goes to zero at some distance, e.g., about one or two reflector diffusion lengths, 
beyond the boundary of the core. The integration of sin rx/L, referred to in 
§ 11.106, then does not start from zero, but from x equal to roughly two diffusion 
lengths in the reflector. 

11.114. In addition, there are other factors, of a physical nature, which affect 
the accuracy of the calculations. For example, the coolant flow rate may not — 
be the same in all channels, and the over-all heat-transfer coefficient may vary, 
due to such causes as corrosion of surfaces, deposits of scale, etc. Further, — 
conduction along the axis of the fuel elements and the variation of h along the 
channel, which were neglected, may have an equally important effect on the 
results. 


HEAT TRANSFER CHARACTERISTICS OF FLUIDS 


LAMINAR AND TURBULENT FLOW 


11.115. The study of the flow of fluids, in connection with reactor systems, 
is important for several reasons. As seen in earlier sections, all the heat gener'= 
ated in a reactor is removed and transferred from one medium to another either — 
as sensible heat or (in a boiling reactor) as latent heat. ‘These processes clearly 
involve the flow of one or more fluids. From the properties of these fluids and 
their flow characteristics, it is usually possible to make reasonable predictions 
concerning the heat-transfer coefficients for simple geometries (§ 11.124). For 
complex cases, however, the experimental determination of the heat-transfer 
coefficients is required. 

11.116. In addition, a knowledge of the pressure drops in various parts of the 
cooling system is necessary in order to establish the over-all pumping po 
requirements. The methods whereby the pressure drops are estimated in 
number of cases will be described below. 
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11.117. Before proceeding with the more detailed aspects of the problems of 
interest, the essential nature of the two important types of fluid flow will be 
reviewed briefly. When a fluid flows through a straight pipe at low velocity, 
the particles of fluid move in straight lines parallel to the axis of the pipe, with- 
out any appreciable radial motion. This is described as laminar, streamline, or 
viscous flow, and the “velocity profile” is depicted diagrammatically in Fig. 
11.16, A; the lengths of the arrows indicate the fluid velocity at various points 
across the pipe. The velocity distribution curve in a circular pipe is a parabola, 
and the average velocity is half the maximum at the center of the pipe. 
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Fig. 11.16 A. Laminar flow 
B. Turbulent flow 


LAMINAR FLOW 


11.118. One characteristic of streamline flow is that it obeys Newton’s 
equation* 
du 
Fm pA em, (11.118.1) 
where F is the shearing force (or fluid friction) over an area A between two 
parallel layers of fluid, moving with different velocities in a region where the 
velocity gradient is du/dy, perpendicular to the direction of flow; the symbol 
represents the absolute (or dynamic) viscosity of the fluid, which is defined by 
equation (11.118.1). The dimensions of viscosity are seen to be mass/ (length) 
(time); in the egs system, the unit of viscosity, expressed in g/ (em) (sec), is 
called the poise, and it is in terms of this unit (or its hundredth part, called a 
centipoise) that viscosity values are frequently calculated. In the English (or 
engineering) system of units, the dynamic viscosity is conveniently expressed 


* Certain fluids, e.g., suspensions, which do not obey the Newton equation, are referred to 
a8 non-Newtonian fluida, 
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as lb/(ft)(hr); the values in this system are obtained upon multiplying the 
number of centipoises by 2.42. 

11.119. Laminar flow may be distinguished from other types of flow by means 
of a dimensionless quantity called the Reynolds number (or modulus); this is 
represented by Re and defined by 


Re = Dv, (11.119.1) 


where D is the pipe diameter, v is the mean velocity of the fluid, p is its density, 
and uy its viscosity. Experiments with many fluids have shown that, in gen- 
eral, flow is laminar, and Newton’s equation is obeyed, in ducts of uniform 
cross section as long as Re is less than about 2100. The precise critical value 
of the Reynolds number depends, to some extent, on the flow conditions. 

11.120. If the circumstances are such that Re exceeds about 4000 in such 
systems, the fluid motion is turbulent; this type of flow is characterized by the 
presence of numerous eddies which cause a radial motion of fluid, i.e., motion 
across the stream, in addition to the flow parallel to the pipe axis. Newton’s 
equation is then no longer valid. 

11.121. The velocity profile for turbulent flow is shown in Fig. 11.16, B. It 
appears that the three more-or-less distinct regions exist in a turbulent stream. 
First, a layer near the wall in which the flow is essentially laminar, as indicated 
by the arrows. Then a transition (or buffer) zone in which some turbulence 
exists, and finally there is the fully turbulent core. The local velocity of flow 
increases toward the pipe axis, at first more rapidly and then more slowly than 
for completely laminar motion. As a result, there is a marked flattening of the 
velocity profile; this flattening becomes more pronounced with increasing 
Reynolds number. The ratio of the mean flow velocity to the maximum ranges” 
from about 0.75 to 0.81, as Re increases from 5000 to 100,000. 

11.122. The Reynolds number, as given by equation (11.119.1), is applicable 
only to pipes of circular cross section; for noncircular channels, especially long 
rectangular ducts and annular spaces, a good approximation is obtained if D in 
equation (11.119.1) is replaced by the equivalent (or hydraulic) diameter, Dy 
defined by 

Cross section of stream 


: : (11.122.1) 
Wetted perimeter of duct 


D.=4X 
which becomes identical with the actual diameter for a circular pipe. For the 
channel between two parallel plates, as in reactors of the Swimming Pool type, 
D. is approximately twice the distance between the plates (see followi 
example). 

Example Determine the Reynolds number for the cooling water of the reactor in 
example in § 11.112. 


The channel cross section is (2.5 in.) (0,12 in.), and 2.5 in. on each side plus 0,12 in, 
each end is wetted; hence, 
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(2.5) (0.12) 


D.=4X D5 + 0.12) 


= 0.23 in. 


i.e., roughly twice the distance between the plates. The mean flow velocity may be taken 
as (3) (3600) = 10,800 ft/hr; the density of water is 61.8 lb/ft®; and the viscosity at 
100°F is 1.66 Ib/(hr) (ft); hence 

i (0.02) (10,800) (61.8) 


R 
° 1.66 


= 8050. 


The flow is thus definitely in the turbulent region. 


11.123. In the range between the Re values of 2100 and 4000 there is gener- 
ally a transition from purely laminar flow to complete turbulence. Laminar 
behavior sometimes persists in this region or turbulence may increase, depend- 
ing, among other factors, on entrance conditions, the occurrence of upstream 
turbulence, the roughness of the pipe, the presence of obstacles, and on pulsa- 
tions in flow rate produced by the pump or some other component in the system. 


PREDICTION OF HEAT-TRANSFER COEFFICIENT FOR TURBULENT FLOW 
OF ORDINARY FLUIps* 


11.124. In essentially all cases of reactor cooling, where forced convection is 
used, the coolant is under turbulent flow conditions.t Satisfactory predictions 
of heat-transfer coefficients in long straight channels of uniform cross section 
can be made on the assumption that the only variables involved are the mean 
velocity of the fluid coolant, the diameter (or equivalent diameter) of the coolant 
channel, and the density, heat capacity, viscosity, and thermal conductivity 
of the coolant. From the fundamental differential equations or by the use of 
the methods of dimensional analysis, t it can be shown that heat-transfer coeffi- 
cients can be expressed in terms of three dimensionless moduli; one of these is 
the Reynolds number, already defined, and the others are the Nusselt number 
(Nu) and the Prandtl number (Pr), defined by 


Nu = 2 and Pe 


11.125. As a result of numerous experimental studies of heat transfer, various 
expressions relating these three moduli have been proposed; one of these, for a 
coolant fluid in a long straight channel, is § 


* For treatment of heat transfer in laminar flow, see McAdams, op. cit., p. 229, et seq. 

+ Some reactors, e.g., the CP-2 (uranium-graphite) reactor, the Canadian ZEEP (uranium- 
heavy water), and the British fast reactor (ZEPHYR), which operate at very low (almost 
vero) power, and the reactors of the Swimming Pool type at powers of 100 kw or less, make use 
of conduction and free convection for cooling, : ; 

; ae eee os eects texts referred to in § 11,61, 

. W, Dittus and L, M, K, Boelter, Univ, of Calif, Pub, Eng. 2, 448 (1980); ols 
Colburn, T'rana, Am, Inat, Chem, Engra,, 29, tna <iaay, W. I. era senate eee 
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hD _ Dvp 0.8 eat" 
= 0.023 ( : ) ( (11.125.1) 
or 
Nu = 0.023 Re®-§ Pr°-t, (11.125.2) 


Since, for normal flow rates, the resistance to heat transfer is mainly in the 
laminar layer of liquid adjacent to the surface, the temperature of this layer is 
that at which the various physical properties, especially the highly temperature- 
sensitive viscosity, should be evaluated. For practical purposes this may be 
taken as the mean of the surface and bulk fluid temperatures. 

11.126. It is seen from equation (11.125.1), that, if the viscosity, thermal 
conductivity, density, and specific heat of the coolant are known, the heat- 
transfer coefficient can be estimated for turbulent flow of given velocity in a 
pipe or channel of specified diameter (or equivalent diameter). The results 
appear to be satisfactory for values of Re in excess of about 10,000, and for Pr 
values from 0.7 to 120. This range of Prandtl numbers includes gases and 
essentially all liquids, except liquid metals; the latter have very low Prandtl 
numbers, primarily because of their high thermal conductivity but also often 
because of their low viscosity and heat capacity. The correlations for liquid 
metals will, therefore, be considered separately (§ 11.128). For gases, Pr is 
approximately 0.75 and so equation (11.125.2) reduces to 


Nu = 0.020 Re®* (for gases). 


11.127. Where large differences exist between the temperatures of the solid 
and of the fluid, the associated variations in the physical properties of the 
coolant can influence the heat transfer. As indicated above, such variation is 
most significant for the viscosity, and in order to make allowances for it the — 
relationship 

Nu = 0.027 Re® Pros (ey 
has been proposed, where y is the viscosity at the mixed-mean fluid temperature 
and p, is that at the wall temperature.* 

11.128. For water as coolant, allowance for the variations in physical prop- 
erties with temperature may be made by writing 


8 1 
h Btu/(hr) (ft?)F) = 170(1 + 10-% — 10-8) 2, (11.128.1) 
where, it should be noted, v is in ft/sec and D in in.; the temperature is (°F. 
The values for the heat-transfer coefficient given by this relationship are in good 
agreement with those obtained from equation (11.125.1) for temperatures up to 
600°F. 


*B. N. Sieder and G, EB. Tate, nd, Eng. Chem., 28, 1429 (1986). 
1 J. A. Lane, unpublished, 
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Example Calculate the heat transfer coefficient for the water coolant in the problem 

following § 11.112 using (a) the Dittus-Boelter equation and (6) equation (11.128.1). 
The temperature is taken as 100°F so that p = 61.8 lb/ft?, cp = 1.00 Btu/(Ib)(°F), 

and py is 1.66 lb/(ft)(hr). From the table in the Appendix, & for water is 0.363 Btu/ 

(hr) (ft?) (°F/ft). The value of v is 10,800 ft/hr and the (equivalent) diameter of the duct 

is 0.02 ft. Hence, from the Dittus-Boelter equation, 

0.363 [See [Sey 


h = 0.023 X 0 O59 1.66 0.363 


= 1020 Btu/ (hr) (ft?) (°F). 
By equation (11.128.1) for water 


(ye 
(0.24)°2 





h = (170)[1 + (10-*)(100) — (107*)(100)?] 


2.41 
= (170)(1.9) 0.752 


= 1035 Btu/ (hr) (ft?) (CF). 


LIQUID-METAL HEAT-TRANSFER COEFFICIENT FOR TURBULENT FLOw* 


11.129. Because of their high thermal conductivity, mentioned earlier, the 
Prandtl numbers of liquid metals may be as low as 0.005. The controlling 
resistance to the radial transfer of heat is not across the laminar sub-layer, as 
it is for other liquids, but it may extend into a major part of the turbulent core. 
It is to be expected, therefore, that relationships applicable to gases and non- 
metallic liquids will not apply to liquid metals. For the correlation of heat- 
transfer data it is now appropriate to use another dimensionless modulus, 
namely, the Peclet number, Pe, which is the product of the Reynolds and Prandtl 
numbers; thus, 


Pe = Re X Pr = Dupes, 


For the heat transfer to liquid metals flowing turbulently in circular pipes, 
with uniform heat flux, the relationship 


0.8 
we = 7 + 0.025 (Pesce (11.129.1) 
or 
Nu = 7 + 0.025 Pets (11.129.2) 


has been suggested for the estimation of heat-transfer coefficients.+ It will be 
observed that, according to this equation, the heat transfer is independent of 
the viscosity of the liquid metal coolant. This is so because in such a fluid 
thermal conduction is more important than mass motion in transferring heat. 


*See R. N. Lyon (Id.), “Liquid-Metals Handbook,’’ 2nd ed,, U, 8, Government Printing 
Office, 1952, Chapter 5 (by R. N, Lyon and H, I’, Poppendiok), 
tR, N, Lyon, Chem, Bng, Prog. 47,75 (1961), 
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11.130. Equation (11.129.1) appears to predict h reasonably well for alkali 
metals at moderately high temperatures, but for other liquid metals, e.g., lead, 
bismuth, and mercury, the calculated values are frequently higher than those 
obtained by experiment, possibly due to the nonwetting characteristics of these 
metals. For this reason it is recommended that the heat-transfer coefficient 
used in designing equipment for the heavier and less chemically active metals 
be taken as half the value obtained from equation (11.129.1).* 

11.131. When conduction is the predominant heat-transfer mechanism, as is 
the case for liquid metals, the equivalent-diameter concept, referred to in 
§ 11.122, is not valid. A modified expression, which is effectively the result 
of multiplying the right side of equation (11.129.2) by 0.8, namely, 


Nu = 5.8 + 0.020 Pe®8, 


has been proposed for flow in the channel between parallel plates with heat 
being removed uniformly from one side only.| The equivalent diameter used — 
in computing Nu and Pe is taken as twice the distance between the plates 
(§ 11.122). 

11.132. For liquid metals flowing in annular channels, with a uniform wall — 
heat flux, a good approximation appears to be 


0.3 
Nu = 5.3 + 0.019 Pe** (®) ; 


where r, and r; are the outer and inner radii, respectively, of the annulus.{ Tt_ 
should be noted that, when using the two foregoing equations for design calcula« 
tions, it is advisable to apply the same safety factor, i.e., 0.5, as for equation 
‘(11.129.1) when dealing with the heavy metals. ; 

11.133. An interesting fact, to which attention may be called here, is that, 
although the heat-transfer coefficients for both nonmetals and metals are in- 
creased by increasing the rate of flow of the coolant, the effect is relatively sm 
for liquid metals. An examination of equation (11.125.1) shows that for 
nonmetal h is proportional to v°*, but from equation (11.129.1) for a liquid meta 
it is seen that the term containing v°* is added to a fairly large term which iW 
independent of the flow velocity. The physical basis of this behavior is that 
even under turbulent flow conditions, a large proportion of the heat transferred 
from a solid surface to a liquid metal is by conduction and this is not affec 
by the flow rate of the coolant. 


CoMPARISON OF HEAT-TRANSFER CHARACTERISTICS OF COOoLANTS § 


11.134. A discussion of reactor coolants, mainly from the standpoints of th it 
neutron capture cross sections and radiation stability, was given in Chapt 

*R. N. Lyon, unpublished. 

+ R. A. Seban, Trans. Am. Soc. Mech. Engrs., '72, 789 (1950). 


tR. V. Bailey, Report ORNL-521. 
§ For literature references, see § 11.163, 





11.137] 


VIII. It is appropriate here to examine their thermal properties. A good 
coolant is, in general, one having a high heat-transfer coefficient (and a large 
volumetric heat capacity) under the conditions that exist (or can exist) in a 
reactor. Thus, if h is large, it is possible to realize a specified rate of heat re- 
moval from the fuel elements with a relatively small heat-transfer area. It is 
also possible to decrease the rate of flow of the coolant and, as a result, the power 
required for pumping (§ 11.162). The decrease in the flow rate will decrease 
the heat-transfer coefficient, but if the latter is sufficiently high, in any case, the 
decrease may not be serious, especially for a liquid metal. 

11.135. It can be seen from equations (11.125.1) and (11.129.1) that, for a 
given flow rate and coolant channel diameter, large heat-transfer coefficients 
are associated with high thermal conductivity, density, and heat capacity. In 
addition, for nonmetallic fluids, a low viscosity is advantageous. It is apparent, 
from general considerations, therefore, that water and many liquid metals may 
be expected to have good heat-transfer characteristics. Such materials will 
therefore permit considerable flexibility in the design of the heat-removal system 
of the reactor. 

11.136. Gases have the disadvantage of low density and thermal conductivity, 
but some compensation is achieved; as far as the former property is concerned, 
by operating at high pressures. The high flow rate required with a gaseous 
coolant (§ 11.164) also helps to increase the heat-transfer coefficient although 
at the cost of very significant increase in pumping power. 

11.137. Another basis for the comparison of coolants is what is called the 
volumetric heat capacity. The total heat release rate, qtot, of the reactor is 
related to the total mass flow rate of the coolant, w, its specific heat, cp, and the 
average rise, At,, in the mixed-mean temperature of the coolant by 
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Qtot = WC,PAL,. 


Since w may be replaced by vpA;, where A, is here the total flow area, it follows 
that 


dot = (pcp) vAsAte. (11.137.1) 
The quantity pc, is called the volumetric heat capacity, which can be expressed in 
Btu/(ft®)CF). For a given coolant flow rate, v, and total flow area, A;, a high 
volumetric heat capacity will make possible a specified rate of heat removal 
without an excessive (average) rise in the coolant temperature. This is advan- 
tageous from the thermal stress standpoint. Although liquid metals may be 
somewhat superior to water with respect to heat transfer, the latter has a better 
volumetric heat (or heat-transport) capacity. Thus, at 400°F, pc, for water is 
53.7, whereas that for liquid sodium is 17.1 Btu/(ft")(°F). At 10-atm pressure 
the volumetric heat capacity of carbon dioxide gas is only 0.174 Btu/(ft')(°F), 
so that very high flow rates are necessary with gaseous coolants, 
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Example Compare the heat-transfer coefficient for turbulent flow at 400°F of (a) carbon 
dioxide at 10 atm and a velocity of 100 ft/sec, (b) water at 20 ft/ sec, and (c) liquid sodium 
at 20 ft/sec, flowing through a long, straight, circular tube of diareter 0.10 ft. 

The physical properties of the three coolants at 400°F are tabulated below: 


Carbon Dioxide Water Liquid Sodium 
PAD /TO, srsaded BeGeregen dans Sake 0.656* 53.7 53.2 
Mlb / at) EG) 22 jo5k chara eens eo Be 0.0540 0.148 - — 
k, Btu/ (hr) (ft?) (°F/ft).........000000. 0.0184 0.380 47.1 
py Btu Ub) (CC) vag na haath cute ves bs oes 0.265 1.00 0.320 
For carbon. dioxide, using equation (11.125.1) 
_ 0.0184 x 0.023 (0.1)(100 x ae ae 
~ 0.10 , 0.0540 0.0184 


= 124 Btu/(hr) (ft?) (°F). 


For water, from the same equation (11.125.1) 


_ 0.380 (0.1)(20_ x 3600) (53.7) ]"-8[ (1.00) 0.148) ]-4 
ae 0.10 * 0.023 | 0.148 ] l 0.380 


= 8150 Btu/ (hr) (ft?) (°F). 
For liquid sodium, however, equation (11.129.1) is used; thus, 


47.1 {7 + 0.025 (pees (20 X 3600) el 


h= O40 47.1 


= 9650 Btu/(hr) (ft?) (°F). 


Heat TRANSFER FROM FLUIDS ConTAINING A VoLUME HEat Sourcy 


11.138. Because reactors with circulating fuel have certain advanta 
(§ 12.132), they are attracting interest for possible use in power production, 
A consideration of heat transfer in fluid fuels is, therefore, an important aspect 
of reactor design. Since the fluids (while in the reactor) contain heat sou 
due to fission, the determination of the temperature distribution in the flo 
system and at the walls involves unusual principles of heat transfer and fluid flow 
These principles will be reviewed briefly, as a complete treatment would req 
a much more detailed knowledge of heat transfer and the tieory of fluid fl 
than has been presented in this chapter. t 

11.139. Consider a reactor with a circulating fluid fuel in which heat is being 
generated. A possible example would be the Liquid Metal Fuel Reactor 
(LMFR), in which a solution of uranium in liquid bismuth is the fuel circulated 
through channels in the graphite moderator.{ If the fuel is forced through 
channel or pipe in the reactor, the heat will be convected away relatively slow 
by the slow-moving part of the stream close to the wall. As a result, th 


* Calculated from the ideal gas laws. 
{See H. F. Poppendiek, Chem. Eng. Prog. Symposium Series, No. 11, 80, 98 (1954), 
t For reference, see § 8.246. 
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will be a temperature rise toward the wall of the channel, and a flow of heat from 
the slower-moving parts of the stream to the faster-moving parts near the mid- 
dle of the stream. If the temperature of the wall is limited, some prediction 
of the difference between the wall temperature and the mixed-mean fluid tem- 
perature is required. 

11,140. Mathematical expressions have been derived for determining this 
temperature for an idealized system which is defined, essentially, by the follow- 
ing postulates: (1) thermal and hydrodynamic boundary layers are established, 
i.e., the flow is in long pipes; (2) the volume heat source within the fluid is uni- 
form; (3) heat is transferred uniformly from (or to) the liquid at the pipe wall; 
(4) physical properties are independent of temperature; and (5) in the case of 
turbulent flow, the hydrodynamic structure is defined by a generalized velocity 
profile. 

11.141. The differential equation describing heat transfer in a pipe for the 
general case of turbulent flow is 


a _ 8 ot} |, Or 
ur) a a {[ a + (ru) | io + nee 


where r is the radial distance from the pipe center line and z is the axial distance, 
u(r) is the fluid velocity, a is the fluid thermal diffusivity, and ¢ is the eddy dif- 
fusivity ;* Q is the rate of heat release per unit volume, as before, and ¢, cy, and 
p have their usual significance. The two boundary conditions for the problem 
are (1) the uniform wall heat flux is given and (2) some system reference tem- 
perature, e.g., the mixed-mean fluid temperature or the center-line temperature, 
is known. 

11.142. Upon substituting into equation (11.141.1) an expression for the 
axial temperature gradient in the region of established flow, a total differential 
equation results. This boundary value problem can be separated into two 
somewhat simpler problems whose solutions can be superposed to yield the 
solution to the original problem. One of these simpler problems pertains to 
turbulent flow in a pipe with a uniform volumetric heat source within the fluid 
but with zero heat flux at the wall, whereas the second applies to turbulent flow 
in a pipe without an internal heat source, but with a uniform wall heat flux. 
Solutions of these problems for the temperature distribution have been obtained 
in terms of the dimensionless moduli considered above. f 

11.143. In superposing the solutions to these two problems, temperature dif- 
ferences, rather than actual temperatures are added. For example, the calcu- 
lated values of the difference between the temperature of the fluid at the pipe 
wall (¢») and the mixed-mean fluid temperature (t,) at any point, for the two 

“Cf., McAdams, op. cit., pp. 34, 209. In the above treatment, it is postulated that the 
heat- and momentum-transfer eddy diffusivities are equal, 
t The solution to the first boundary problem is given by H, I, Poppendiek, loc, cit.; several 


solutions to the second problem are available, eg, R. O, Martinelli, Trans, Am, Soo, Mech, 
Engra., 69, 947 (1047), 


(11.141.1) 
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separate problems, are added to give the corresponding difference for the actual 
system involving turbulent flow in a pipe with a uniform volumetric heat source 
and a uniform wall heat flux. 

11.144. The results obtained for the case of turbulent flow of a fluid containing 
a uniform heat source, but with no cooling at the pipe wall, is depicted in Fig. 
11.17. Here the dimensionless “temperature difference,” (t. — ts)/(Qro?/k), 
where 7) is the pipe radius, is shown as a function of the Reynolds number for 
certain specified values of the Prandtl modulus. Experimental measurements 


4107! 






ST = 





Fic. 11.17 Dimensionless wall-fluid temperature difference as function of Reynolds and _ 
Prandtl numbers (H. F. Poppendiek) 


have confirmed the reliability of the calculations in the range of Pr = 5 to 10 
and Re = 750 to 14,000. The use of Fig. 11.17 is illustrated by the following 


example. 


Example A liquid fuel is circulated through pipes of circular cross section under the fol« 
lowing (turbulent flow) conditions: Re = 10,000; Pr = 10;Q = 9.66 X 10’ Btu/(hr)(f{t"); 
k = 1.5 Btu/(hr) (ft?) (°F/ft); and ro = 0.166 ft. Determine (a) the difference between 
the wall temperature and the mixed-mean fluid temperature for an uncooled wall; (b) the 
wall cooling required to reduce the wall temperature to the mixed-mean fluid temperie 
ture; and (c) the fraction of the heat generated in the bulk of the fluid that would 
to be extracted to achieve this cooling. 

(a) From Fig. 11.17, for the case of no heat removal at the wall, it is seen that w 
Re = 10,000 and Pr = 10, 
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bo — 4 
Seo —4 
Qre/k 3.1 X 10-4. 


Hence, the required temperature difference is given by 


2 
aS sts 10+ Se 


_ (3.1 X_10~*)(9.66 < 107) (0.166)? 
1.5 





= 550°F. 


(6) The heat-transfer coefficient for this pipe system is obtained from equation 
(11.125.2), noting that D is equal to 270; hence, 


h= a 0.023 Re®® Pr®-4 
27ro 


~ (2)(0.166) 
= 413 Btu/(hr) (ft?) (°F). 
The heat flux at the wall, represented by (¢/A)o, required to make the wall temper- 
ature equal to the mixed-mean fluid temperature, is obtained by equating this flux 


to hAt, where At is the value of ty — t; for no heat flux at the wall, i.e., 550°F. It is seen, 
therefore, that 


(0.023) (10,000)°-8(10)°-4 


(4) = hAt = (413) (550) 
0 
= 227,000 Btu/ (hr) (ft?). 


(c) For unit length of pipe, the heat extracted at the wall is equal to 2mro(q/A)o Btu/hr, 
whereas the heat generated in the fluid volume is mrv’Q Btu/hr. The fraction of the heat 
generated that would be extracted by wall cooling is then 


2mro(q/A)o _ (2)(3.14) (0.166) (2.27 x 10°) 
mreQ (3.14) (0.166)2(9.66 10°) 
= 0.0282, 
which is 2.8 per cent. . 
(It is of interest to note that had the flow in the pipes been laminar, the value of t,, — ty 
without cooling could have been about 200 times as great as for turbulent flow. The 
corresponding rate of cooling at the wall would have to be roughly ten times as large.) 


Hear TRANSFER FROM SLURRIES 


11.145. Some reference may be made to heat transfer from slurries (or sus- 
pensions) since they have been proposed as the circulating fuel and blanket 
media for homogeneous reactors with external cooling. If the slurries are 
Newtonian fluids, they can be treated as ordinary fluids, provided, of course, 
precautions are taken to prevent settling or caking-out of the solid matter on 
the conduit walls. 

11,146, If the slurries are non-Newtonian in their behavior, they will usually 
be either plastic or pseudo-plastic, in which case the effective viscosity will 
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depend on the shear rate at each point. It appears from pressure-drop and 
heat-transfer measurements that, under turbulent flow conditions, a given plas- 
tic or pseudo-plastic slurry frequently has essentially a constant effective vis- 
cosity which is, in some instances, approximately equal to the viscosity of the 
liquid vehicle. Substitution of such an effective viscosity for the fluid viscosity 
in the equations for ordinary fluids, e.g., equation (11.125.1), then usually gives 
reasonably good values for the heat-transfer coefficient. 

11.147. In general, however, if slurries are to be used, it is probably necessary 
that sufficient experiments be made to check the predicted heat-transfer coeffi- 
cients. It is also necessary to determine whether caking does (or does not) occur 
on the heat-transfer surface. In addition, particular care should be taken in 
connection with passages containing constricted regions, since a true plastic 
material may become stationary in such regions. 
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HEAtT-TRANSFER COEFFICIENTS IN FREE CONVECTION 


11.148. The prediction of heat-transfer coefficients associated with free (or 
natural) convection is much more difficult than for forced convection. In some 
systems, however, e.g., Swimming Pool reactors at low power, free convection 
is important for reactor cooling.* In these cases there is an upward motion 
of the coolant due to buoyancy resulting from heat transferred to the fluid by 
conduction. 

11.149. For free convection a further dimensionless modulus, the Grashof 
number, Gr, is used; this is defined by 


Gr = east, 
we 


where L is an appropriate length (or diameter), g is the acceleration of gravity, 
6 is the thermal coefficient of volume expansion of the fluid, and At is a p 
scribed temperature difference within the fluid; p and wu are, as before, 
density and viscosity of the fluid. For laminar free convection from either @ 
vertical plate or a large cylinder whose surface is at a uniform temperature 
which is in an infinite body of fluid, the local Nusselt number is related to 
Grashof and Prandtl moduli by 

Nu: = fa = 0.55(Gr, Pr)”, 
where the subscript x indicates that the heat-transfer coefficient is evaluated 
a point on the plate at a distance x from the bottom. In evaluating Nu, 
Gr,, this distance z is used for the length dimension, i.e., for D or L. The avel 
age value of Nu is obtained by integration over the total height of the plate ¢ 
cylinder. 


(11.149.1 


* Free convection cooling may become important (for the removal of fission-produot 
heat) in other reactors after shut-down when the forced flow of coolant ia stopped, 
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11.150. Since equation (11.149.1) is applicable only for a single heat-transfer 
surface, it is not suitable for application to reactors of the Swimming Pool type. 


A method for treating such systems is described in § 11.165, and other discus- 
sions will be found in the literature.* 


PRESSURE DROPS AND PUMPING POWER 
IN COOLANT SYSTEMS 


Pressurt Dror Dur to FrRIcTION 


11.151. Pumping power requirements of a reactor are determined by the 
pressure drop in the cooling system and the rate of flow of the coolant. The 
total pressure drop for an incompressible fluid is the sum of losses due to friction 
in channels, pipes, and fittings, and to changes in the cross-sectional flow area. 
Although these topics are more adequately treated in the standard engineering 
texts, they will be reviewed here briefly. 

11.152. The pressure drop, Ap,, accompanying isothermal laminar flow at a 
mean velocity v in a circular pipe of diameter D and length L is given by the 
familiar Poiscuille equation 
82u0L 
gD? ’ 





Ap; = 
which may be written as 


Ap, = 64 4. purl 


i” oa (11.152.1) 


where u is the viscosity and g the acceleration of gravity.t The subscript f is 
used in Ap, to indicate that the pressure loss described is due to fluid friction. 
It will be observed that the factor u/Dvp on the right of equation (11.152.1) is 
the reciprocal of the Reynolds number (§ 11.119), and so © 


(11.152.2) 


This gives the pressure drop due to fluid friction for laminar flow in a straight 
pipe of circular cross section. 

11.153. For turbulent flow at a mean velocity v, the relationship corresponding ~ 
to equation (11.152.2) is 


2 
Ap = 4 oy (11.153.1) 


*D. C. Hamilton, e¢ al., Reports ORNL-1624, ORNL-1769: 
ARB Pp » ORNL-1769; D. ¥. Wordsworth, Report 


ait Eon J examplo, McAdams, op. cil.; G. G. Brown (Iod,), “Unit Operations,” John Wiley & 


} This io, atrictly, tho gravitational constant for relatin maa and foreo, b 
botwoon this constant and tho accoleration of gravity will be ignored hoe Pernt 




















688 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING (11.153 


known as the Fanning equation, in which the dimensionless quantity f is called 

the friction factor.* Comparison of equations (11.152.2) and (11.153.1) shows’ 
that for laminar flow f = 16/Re, but the relationship between the friction factor 

and the Reynolds number in the case of turbulent flow is more complicated. 

Several empirical expressions have been developed; one of the simplest of these, 

which holds with a fair degree of accuracy for flow in smooth pipes at Reynolds 

numbers up to about 2 X 105, is the Blasius equation} 


f = 0.079 Re, (11.153.2) 


This permits the evaluation of the turbulent-flow friction factor for a given 
Reynolds number. 

11.154. For turbulent flow in a commercial rough pipe the friction factor is 
larger than for a smooth pipe at the same Reynolds number, as shown in Fig. 
11.18. The deviation from the ideal behavior of a smooth pipe increases with — 


dL = 
§x1071 


SIRIRIn: 


BN Mh ie 


q eee FLOW 


TURBULENT FLOW 


Silene, = 
CAL Pipe 
ae 


5x10° 10° 





5x 10> 104% 5x107 10° 


Re 


102 5 x 107 10° 
Fig. 11.18 Friction factor for smooth and commercial pipes 


the roughness of the pipe, especially at high Re values. The variation of the 
friction factor with Reynolds number has been determined experimentally for 
different degrees of roughness, expressed in terms of a dimensionless quantity 
«/D, where ¢ is a measure of the size of the roughness projections and D is the 
pipe diameter. ft 

11.155. For turbulent flow in noncircular channels of relatively simple form, 
the pressure drop due to friction may be calculated by substituting the equi 


* In the equivalent Darcy-Weisbach equation a friction factor equal to 4f is used, 
+ H. Blasius, 1913. 
tCf., L. F, Moody, Trans, Am. Soc. Mech, Engrs, 66, 671 (1944), 
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alent diameter, defined in § 11.122, for D in equation (11.153.1).. The same 
value is used in determining the Reynolds number. It may be mentioned that 
the replacement of D by D, for noncircular channels is incorrect for laminar flow. 


Example Estimate the pressure in Ib/in2 (psi) required to overcome friction for the 


ee flow of water in the channel between the fuel plates in the examples given 
earlier. 


The value of Re was found in § 11.122 to be 8050 and so f, assuming the plates to be 
moderately smooth, is seen from Fig. 11.18 to be about 0.008. Since p is 61.8 lb/ft’, 
v is 10,800 ft/hr, L is 2.5 ft, D. is 0.02 ft and g is 32.2 ft/sec? = (32.2) (3600)? ft/hr®, it 
follows from equation (11.153.1) that 


= __(61.8)(10,800)*(2.5) _ 
mh 2[ (32.2) (3600)?] (0.0833) 
= 34.5 lb/ft? 


= 0.24 Ib/in.? (psi). 


PressuRE Drop Dur To CHANGES IN VELOCITY AND DirEctTIon 


11.156. In a flowing fluid there will be changes in pressure due to changes in 
velocity resulting from gradual or abrupt changes in flow area. Such pressure 
changes are usually considered in terms of the “velocity head,” defined as v?/2g; 
the pressure corresponding to a head H is equal essentially to Hp. Since v? is 
generally high for turbulent flow, the pressure losses accompanying changes in 
cross-sectional area of fluid conduits may be very significant. 


oO Oy 


——> 2 Vy ———__» Vo De 
A 8 


Fie. 11.19 A. Abrupt expansion in fluid flow 
B. Abrupt contraction in fluid flow 


11.157. In general, for abrupt expansion (Fig. 11.19, A) or contraction (Fig. 
11.19, B) the loss of head, AH, which occurs in either case, can be represented by 


AH (expansion) = Ko 


AH (contraction) » Ky ‘, 
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where v1 and v2 are the upstream and downstream velocities, respectively ; the 
value of K, the loss coefficient, depends upon the conditions, as indicated below. 
11.158. For abrupt expansion, 


N\2 
K, = (1-38): 


where D, and Dz are the pipe diameter upstream and downstream, respectively. 

For expansion into a large reservoir, Dz is large, and K, becomes virtually unity. 

The loss of head is then almost equal to v:°/2g. ¢ 
11.159. For abrupt contraction the value of K, varies with the ratio D2/D, in 


the following manner: 


DJDe VS 06 04 0.2 0 
K, 0.13 0.28 0.38 0.45 0.50 


For the case of inlet from a very large reservoir, D2/D: appoanhe zero, and 
K, is then approximately 0.5; the corresponding loss of head is 0.5v.?/2g. 

11.160. It should be understood that the results given above apply only a 
cases of abrupt expansion or contraction. The loss of head decreases if the a 
exit is rounded, making the change less abrupt. Where the exit is tapered so 
that the included angle is 7° or less, the losses will usually be negligible. 


i the pressure loss due to contraction and expansion of coolant entet= 
mag heel uel Aaa two parallel-plate fuel elements considered Priam 
The coolant undergoes sudden contraction and expansion as it enters pine ear 
channel, respectively, from or to a header or manifold of large cross = ion. Ose 
of head upon entering the channel, i.e., upon contraction, may then be taken “ — 
where v2 is here the velocity of the coolant in the channel. Similarly, upon ee 
channel, the loss is v:°/29, where 11 is also the velocity of the meet in e : _ 
The total loss of head upon entry and exit is thus 1.5e?/2g, where v is the a vi 
coolant in the channel, i.e., 10,800 ft/hr. The pressure loss is equal to the loss 
multiplied by the density of the coolant (§ 11.156); hence, 


(1.5) (10,800)?(61.8) 
2[ (82) (3600)?] 

13.0 lb/ft? 

= 0.090 psi. 


Pressure loss = 


11.161. Losses in pipe fittings, due to changes in direction, e.g.» in _ 
curves, etc., or to contraction in valves, can also be expressed in pa ° 
velocity head, e.g., Kw*/2g. The factor A; may range from 0.25 a or 
gradual 90° curve or a fully opened gate valve to 1.0 for a standard sere 
90° elbow, or as high as 10 for a fully opened globe valve. 


i ics,” -Hi ., Inc., 1961, p. 218; A, 

t _L. Streeter, “Fluid Mechanics,’ McGraw-Hill Book Co., ; . 
and 7 W See, hla Mechanics of Fluids,” John Wiley and Sons, Ine., 1963, p. Nee 
t For further information, standard reference books and manufacturers coer 0 
consulted, The loss coefficients, Kz, are often expressed in terms of an “equivalent” lon 


straight pipe. 
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Pumping Power 
11.162. The work required to pump coolant through a reactor is given by 


Pumping power = Pressure drop X Volume flow rate 
= (Ap) (Ap), (11.162.1) 


where Ap is the total pressure drop due to all causes and A; is the total cross- 
sectional (or flow) area of all the coolant channels. Since flow is ordinarily 
turbulent, where forced convection heat transfer is employed, the pressure drop 
due to friction is given by equation (11.153.1); and to this must be added the 
values for entrance and exit effects, given above, as well as for various fittings, 
etc., in the coolant circuit. 

11.163. Attempts have been made to compare the pumping power, relative to 
the total reactor power, required to overcome the pressure drop due to friction 
for various coolants.* This has been done by combining equations (11.67.1), 
(11.125.1) and (11.153.1), together with the definition of Re, and the relationship 
of equation (11.137.1). In making such comparisons, however, it is necessary 
to postulate that various conditions in the reactor are independent of the nature 
of the coolant. Thus, it is supposed that, for a given reactor power, the tem- 
perature rise, At., of the coolant is always the same. But this may not neces- 
sarily be true in practice for optimum operation. For example, using a gaseous 
coolant, it may be desirable to have Af, much larger than for a liquid metal. 
Further, the comparisons of pumping power are based on overcoming fluid fric- 
tion in the reactor only and do not take into account the heat exchanger, as well 
as entrance and exit effects which may be considerable. 

11.164. Without being quantitative, however, it is possible to draw some gen- 
eral conclusions with regard to pumping power. It is seen that the pressure 
losses due to fluid friction as well as to sudden changes in flow area all increase 
with v?. Further, it was stated in § 11.137 that, because the volumetric heat 
capacity of a gaseous coolant is normally much less than of a liquid, the removal 
of a certain quantity of heat will usually require a very much higher coolant 
velocity for a gas than for a liquid, assuming that A,At, is not greatly different 
in the two cases. Hence the pumping power requirements for a gas will be much 
larger than for a liquid coolant. The discrepancy can be partially overcome by 
increasing the density of the gas, i.e., by operating at high pressures (cf, § 8.232). 
Hxample Estimate the power required for pumping the cooling water through the core 
of the 8000-kw reactor considered in previous examples, assuming the minimum number 
of cooling channels to be 450. 


The pressure drop due to fluid friction and entrance and exit effects has been found 
to be 34.5 + 13 = 47.5 lb/ft?. The total flow area of the 450 channels is 


"Por example, E. R. Gilliland, et al., see reference to § 11.61; Report on Atomic Power 
Symposium, Chalk River, Ontario, 1953 (Report ORR-548-A), Chapter X (by J. B, Haddow), 
Seo also, P, W, Parsons and B, J. Gaffney, Trans, Am, Inat, Chem, Bngra,, 40, 655 (1944); 
J, J, Carberry, Chem, Bng., 61, 225 (1068), 
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m (450) (2.5) (0.12) 
144 
The velocity of the coolant is 10,800 ft/hr so that 
Pumping power = (47.5) (0.94) (10,800) 
= 4.82 < 10®(ft) (Ib) /hr. 


[11.164 


Ay = 0,94 ft?, 


Converting to theoretical horsepower, making no allowance for pump efficiency, 


4.82 X 105 


Pumping power = (33,000) (60) (60) 


= 0.243 hp. 


(The total pressure drop for the entire cooling system, including piping and heat ex- 
changers, will be considerably larger than the value used here and thus the total pumping 
power will also be greater.) 


PREssURE Drop AND FREE CONVECTION COOLING 


11.165. Valuable information concerning the cooling of reactors of the Swim- 
ming Pool type by free convection can be obtained from pressure drop considera- 
tions. The flow of water between the parallel-plate elements in these reactors 
is approximately laminar, because of the close spacing of the plates, the low heat 
flux, and the consequent small convective driving force. The flow rate and, 
hence, the ability to carry heat from the core may be estimated in the following 
manner. 

11.166. For laminar flow between parallel plates, the appropriate form of the 
Poiseuille equation leads to the expression 


— 48poL 


Apy = “The (11.166.1) 


for the pressure drop through the entire length L of the fuel plate; as before, 
D, is the equivalent diameter. For convective cooling of a vertical plate, v in 
equation (11.166.1) will then be the average upward velocity of the coolant when 
Ap; is equal to the average pressure drop due to the difference in density at bot« 
tom and top. If pi and p: are the respective densities of the coolant at entrance 
and discharge, respectively, from the channel, the average pressure differential 
is approximately 4(o: — p:)L. If this is equated to the right side of equation 
(11.166.1), the average velocity of the fluid is given by 


pis Pi _— p2 Dé 
lav O6iter 


where pay is the average viscosity. 

11.167. The total rate of heat production by the reactor, qtot, is obtained from 
the general equation (11.137.1). In the present case, v is given by equati 
(11.166.2), p is the mean density, i.e., $(o1 + ps), and At, is te — ti, the 
ture difference between top and bottom. Hence, 


(11.166,2) 
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2 Aytite fice 
(i= Oe AS oe , 


which may be used to estimate the power output for specified lower and upper 
temperatures. 


Example Ina free-convection cooled Swimming Pool reactor, the plates are 0.01 ft apart 
and the total flow area for the water is 0.75 ft?. The temperature of the water at the bot- 
tom of the fuel plates is 80°F. Estimate the power output when the upper temperature 
is (a) 100°F and (6) 120°F, using the following data: 


t 


p BK Cp 
°F lb/ft? Ib/(ft) (hr) Btu/ (lb) (°F) 
80° 62.21 2.08 1.00 
100° 62.00 1.66 1.00 
120° 61.73 1.36 1.00 


(a) Upper temperature = 100°F. Taking the average viscosity as the arithmetic mean 
for the lower and upper temperatures, 


__ (124.21) (0.21) (0.75) [(32) (3600)"] (0.02)2(1.00) (20) 
ont = (192)[(3)(2.08 + 1.66)] a 
= 53 kw. 


(6) Upper temperature = 120°F 


ae (123.94) (0.48) (0.75) [(32) (3600)? (0.02)2(1.00) (40) 


(192) [(4) (2.08 + 1.36)] Btu/hr 


= 260 kw. 


11.168. In reactors of the Swimming Pool type, with free convection cooling, 
higher power levels than those calculated here are possible by operating at higher 
exit-water temperatures. However, at power levels above about 200 kw other 
factors, such as radioactivity of the pool water and surface temperature of the 
fuel elements, must be taken into consideration. These may limit the total 
power of reactors of this type. 

11.169. It should be pointed out that, in the foregoing analysis, no considera- 
tion has been given to the existence of the heated jet of liquid rising in a column 
above the reactor core. That an additional driving force due to this column 
of liquid does exist has been proved by experiment, and it may be more im- 
portant in promoting flow of coolant through the reactor than the vertical 
driving force taken over the length of the fuel plates. Other effects which may 
be significant, including pressure losses at channel inlet and discharge, devia- 


tions from laminar flow, and nonuniform surface temperatures, have also been 
neglected. 























694 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [11.170 


HEAT TRANSFER TO BOILING LIQUIDS * 


SURFACE AND VOLUME BOILING 


11.170. Boiling is of importance in nuclear reactor systems both as a means 
of achieving high heat-transfer rates and of generating steam. The use of a boil- 
ing coolant within the core is applicable to reactors employing either solid or 
liquid fuels. In a solid-fuel reactor, heat is transferred by “surface boiling”; 
heat generated in the solid fuel must flow to the coolant across a solid-fluid inter- 
face at which bubble development occurs. Similar considerations apply to the 
generation of steam in a secondary coolant system. In a reactor with a boiling 
liquid fuel, “volume boiling” occurs; fuel distributed throughout the coolant, 
usually as a solution, will cause bubble formation within the bulk of the coolant 
itself. 

11.171. For the treatment of surface boiling it is convenient to consider an 


element of heated surface at temperature ¢,, in contact with a liquid at an average — 


temperature f;. Suppose the temperature difference between the heated surface 
and the liquid bulk, ie., ¢, — t, is steadily increased; the corresponding variation 
in the heat flux, ie., g/A, across the surface is then as shown in Fig. 11.20, 


I Il Im IV 
10° SINGLE PHASE NUCLEATE PARTIAL FILM BOILING 
CONVECTION BOILING FILM 


| BOILING 


3 
a 


q/A, BTU/AHR) (FT?) 


104 





10° 
0.4 1 10 100 1000 


ts = ty 


Fig. 11.20 Variation of heat flux with surface-liquid temperature difference in boili 
system 


* For general discussion and references, see W. H. McAdams, op. cit, (8rd ed,), Chapter 1 
M. Jakob, op. cit., Chapter 29, 
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Although the data in this figure are representative of natural convection boiling 
from a heated wire in a pool of water at atmospheric pressure and a liquid tem- 
perature of 212°F, some of the same general characteristics apply to forced 
convection boiling and other pressure and temperature conditions. 

11.172. The curve can be divided into a number of regions, in each of which 
the mechanism of heat transfer is somewhat different from that in the others. 
Until the heated surface exceeds the saturation temperature* by a small amount, 
heat is transferred by single-phase convection; this occurs in region I. The sys- 
tem is heated by slightly superheated liquid rising to the liquid-pool surface 
where evaporation occurs. In region II, vapor bubbles form at the heated sur- 
face; this is the nucleate boiling range in which formation of bubbles occurs upon 
nuclei, such as solid particles or gas adsorbed on the surface, or gas dissolved in 
the liquid. Nucleate boiling is a common phenomenon, since it is encountered 
in standard power-plant steam generators. 

11.173. The steep slope of the heat flux curve in region II is due to the 
mixing of the liquid resulting from the action of the vapor bubbles. A maximum 
flux is attained when the bubbles become so dense that they coalesce and form 
a vapor film over the heating surface. The heat must then pass through the 
vapor film by a combined mechanism of conduction and radiation, neither of 
which is particularly effective in this temperature range. Consequently, beyond 
the maximum, the heat flux decreases appreciably in spite of an increase of tem- 
perature. In region III, the film is unstable; it spreads over a part of the heating 
surface and then breaks down. Under these conditions violent nucleate boiling 
occurs at some portions of the surface, while film boiling, due to heat transfer 
by conduction and radiation, occurs at other portions. 

11.174. For sufficiently high values of t, — t;, as in region IV, the film becomes 
stable, and the entire heating surface is covered by a thin layer of vapor; boiling 
is then exclusively of the film type. If attempts are made to attain large heat 
fluxes with film boiling, as high as those possible with nucleate boiling, for ex- 
ample, the temperature of the heated surface may become so high as to result 
in destruction of the heater. This is called a ‘‘burn-out’’ and is, of course, to 
be avoided. It may be noted, too, from Fig. 11.20, that if a system undergoing 
nucleate boiling is operating at conditions near the maximum of the curve, a 
slight increase in the heat flux will cause a sudden change to film boiling, which 
usually results in burn-out. 

11.175. Subcooled boilingt occurs when the bulk temperature of the liquid is 
below saturation but that of the surface is above saturation. Vapor bubbles 
form at the heating surface but condense in the cold liquid, so that no net genera- 
tion of vapor is realized. Very high heat fluxes can be obtained under these 
conditions; values as large as 1.4 < 10’ Btu/(hr)(ft®) have been reported in 


*The saturation espera is the temperature of the saturated vapor, ie., saturated 
steam, at the existing prossur 
{ Sometimes called local or raitade boiling in the general Hterature, 
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forced-convection heating of water, but 2 X 10° Btu/(hr) (ft?) appears more re- 
alistic if the surface temperatures are to be kept low enough to avoid burn-out. 

11.176. In volume boiling the heat is generated within the liquid and only 
ordinary nucleate boiling occurs. Hence, with volume boiling, burn-out prob- 
lems are eliminated. The boiling liquid temperature is very slightly higher than 
the saturation value and is essentially independent of the rate of heat generation, 
i.e., of the power density. 


Bo1mnine IN REAcTOR SYSTEMS 


11.177. Suppose that water, below the saturation temperature, is forced 
through a channel between or around the solid fuel elements of a reactor; heat 
is then transferred from the solid surface to the water. As long as the fuel-wall 
temperature, which increases along its length in the manner described in § 11.102, 
et seq., remains below the steam saturation temperature, single-phase heat trans- 
fer only will occur. This is the condition aimed at in most reactors employing 
water as coolant or as combined moderator and coolant. In some instances, 
such as the Submarine Thermal Reactor (STR) and the Pressurized Water 
Reactor (PWR), the pressure of the coolant system is increased in order to raise 
the saturation temperature and thus prevent boiling. 

11.178. In boiling reactors (§§ 8.238, 12.149), however, the wall temperature, 
t,, is permitted to exceed the saturation temperature, fsa. At first there will be 


SINGLE PHASE , SUBCOOLED , ORDINARY (NUCLEATE) BOILING 
CONVECTION BOILING (NET STEAM GENERATION) 
(NO NET STEAM] 
GENERATION) | 


TEMPERATURE 





DISTANCE ALONG FUEL ELEMENT —» 


Fig. 11.21 Variation of surface and liquid temperatures with distance from entry in 
boiling system { 
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subcooled boiling, while the bulk coolant temperature, t;, is below saturation, 
and this will be followed by ordinary nucleate boiling with net steam generation 
(Fig. 11.21). In this region the rate of heat transfer is high, and the conditions, 
e.g., coolant flow rate and inlet temperature, should be chosen so as to maintain 
nucleate boiling over almost the whole length of the fuel element. 

11.179. If, due to local circumstances, the temperature difference between a 
point (or region) on the fuel-element surface and the water is increased, film 
boiling may take place. There is then a danger that burn-out will occur. This 
is most likely to happen near the exit of the coolant channel where the tempera- 
ture of the metal surface is a maximum (§ 11.112). If two or more channels.are 
connected in parallel, as is usually the case, the danger of burn-out is greatly 
increased, for the following reason. The formation of a film or layer of steam 
on the metal in a particular channel will result in an increased pressure drop over 
the length of that channel. When several channels are fed from a common 
header, the flow of water in the channel under consideration will then decrease, 
since it offers the largest resistance. This will tend to increase steam-film forma- 
tion, which will be accompanied by a further decrease in flow, and so on until 
burn-out occurs. 

11.180. In addition to the production of steam from water in a reactor as de- 
scribed above, or by passage of water through tubes immersed in a homogeneous 
fuel solution, which is somewhat similar, there is a possibility of steam formation 
by direct boiling of such an aqueous solution. In systems of this type the heat 
generation rate is strongly dependent upon the density of the boiling water- 
steam mixture, since the liquid coolant usually functions also as moderator, as 
well as the fuel carrier. The most serious consequence of a decrease in density 
is usually an increase in the neutron leakage. 

11.181. Vapor generated in the boiling liquid in the interior of the reactor will 
rise as a result of its buoyancy. In addition to this natural rise of the vapor, 
the gross motion or circulation of the liquid can contribute to the transport of 
vapor. A natural circulation can be achieved if the flow can be directed to take 
advantage of the variation of fluid density within the core. If necessary, forced 
circulation, in which mechanical energy is supplied to maintain the desired fluid 
motion by an agency external to the core, e.g., a pump, may be employed. 

11.182. The calculation of the mixture density in two-phase flow for both 
heterogeneous and homogeneous systems is complicated by the fact that the 
liquid and vapor normally possess different average velocities because of the slip 
of the vapor relative to the liquid. However, it is possible to make a gross evalu- 
ation of the flow conditions.* 


Bowne Hwar-TRANSFHER COnrricrEeNnts 


11.183. It is apparent from Fig. 11,20 that log (q/A) is a linear function of 
log (4, — ty) over a considerable portion of the nucleate boiling range, so that the 


“Of, BR, O, Martinelli and D, B, Nelson, Z'rana, Am, Soo, Mech, Lngra., 70, 695 (1948); 
#00 also, 8, Untermyer, Nucleonios, 12, No, 7, 48 (1064), 
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general expression 


- = c(t — &)", (11.183.1) 
where c and 7 are constants, is applicable to a particular set of conditions. Since 
i; is essentially the same as the saturation temperature (see Fig. 11.21), t. — ty 
is virtually equal to the difference between the temperature of the heated surface 
and the saturation temperature of the coolant; this difference may be represented 
by At,. Hence, equation (11.183.1) may be written as 


+ = c(Aty)”. 
If hy represents the boiling heat-transfer coefficient, it may be defined by 


1 = pAb, 


a (11.183.2) | 


so that 
hy = c(At,)"—1. 


11.184. Curves showing hy in Btu/(hr) (ft*)(°F) as a function of At, in °F, ob- 
tained from a variety of experimental studies of heat transfer to boiling water in 
a free convection system at several pressures, are given im Fig. 11.22.* The 
value of the exponent n — 1 is found to be 1.42 in all cases, but the factor ¢ 
increases with the pressure; thus, 


hy = c(Ah)™, (11.184.1) 


with the following values of c: 


Pressure, psia 14.7 (1 atm) 215 370 520 
c 42 82 90 100 


These results are applicable over a range of At, from about 1° to 45°F. 


Example Determine the boiling heat-transfer coefficient of water at a pressure of 2 
psia, when the temperature of the metal at the interface is 25°F above saturation. 
In this case, At, is 25°F and c is 82; hence, from equation (11.184.1), 


hy = (82)(25)1-” 
= 7500 Btu/(hr) (ft?) (°F). 


(High heat-transfer rates are evidently possible from a surface at which nucleate boil 
of water occurs even for moderate temperatures above saturation.) 


Heat ExcHancr To STEAM SYSTEM 


11.185. The design of the heat exchanger for transferring heat from the p 
mary to a secondary coolant without boiling follows conventional engin 
practice as far as the heat-transfer calculations are concerned. Because of i 


“Based upon data in the published literature; see, for example, M. T. Cichelli and QO, 
Bonilla, Trans, Am. Inst, Chem, Hngra., 41, 755 (1945), j 
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duced radioactivity in most coolants, however, more rigid specifications with 
regard to construction, in order to avoid leakage and minimize corrosion and 
other factors causing maintenance problems, are imposed than is usual for com- 
mercial equipment. In addition, the need for locating the heat exchanger behind 
a shield may affect the design. ; 

11.186. The operation of nuclear power plants, with the exception of those 
using boiling reactors, involves the production of steam by transfer of heat from 
the primary or secondary coolant to water. The design of the heat exchanger 
or steam generator is thus an essential aspect of the over-all reactor heat-transfer 
system problem. This involves a somewhat unique application of boiling heat- 
transfer data.* 


10° 





hp, BTU/(HR) (FT?) (°F) 


Ati, °F m 
Fig. 11.22 Boiling heat-transfer coefficient 


*J. A, Lane, unpublished, 
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11.187. Consider a steam generator in which the reactor coolant, of specific 
heat c,, flows through a tubular heat exchanger, at a mass flow rate w, and trans- 
fers heat to boiling water outside the tubes. The rate of heat loss from the 
coolant in a differential section of the steam generator is then given by 


dq = wc, d(At), (11.187.1) 
where At is the total temperature difference between the reactor coolant and 
saturated steam in the region of the heat exchanger being considered. The same 


heat-loss rate can be expressed in terms of the over-all heat-transfer coefficient, 


U, of the heat exchanger (cf. § 11.71); thus, the heat transferred from the 
coolant to the boiling water is 


dq = UatdA, (11.187.2) 


where dA is the heat-transfer area of the differential section. Upon equating 
the two expressions for dg, and integrating between the limits of At; and Ate, 
where the subscripts 1 and 2 refer to the two ends of the steam-generating heat 


exchanger, it is found that 
Ate 
Se d(At) 11.187 
A =e, f $09, (11.187.3) 


where A is the total heat-transfer area; w and c, are assumed to be independent 
of At. 


11.188. The temperature difference At can be regarded as being made up of 
three parts (Fig. 11.23), viz., 


At = At, + Atw + Ats, 
BOILING WATER 
VALLLLLLLLL LLL, NAL OOF TUBE 


COOLANT 





NUCLEATE BOILING 
(tsat) 


Fig. 11.23 Temperature differences in a steam generator 


where Ad, is the difference between the mixed-mean fluid (coolant) temperature 
and the interior wall surface of the heat-exchanger tube, At» is the temperature 
drop across the wall of the tube, and At, is the temperature difference between 
the outer wall and the steam saturation temperature, as defined in § 11,188 
These three temperature differences may be expressed in terms of the hew 
flow rate, the area A, and the appropriate heat-transfer coefficients or the 
conductances. 
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11.189. If a is the inner radius and b the outer radius of the heat-exchanger 
tube, then it follows from the equations in § 11.73, et seq., that 


ag eh ?) 
St Ah C f 
where A is the heat-transfer area based on the outside diameter of the tube and 
his the heat-transfer coefficient of the coolant inside the tube. Similarly, it can 


be readily shown that 
Ais ele [° In | 
or A 2 


k 
where k is the thermal conductivity of the tube wall, and 
39,4 
Ath = a i 


where hy is the apparent boiling heat-transfer coefficient (§ 11.183). Upon sub- 
stituting the expression for hy given by equation (11.184.1) and summing the 
three terms for the separate temperature differences, it is found that 


1 0.413 
ine ? In @/a) 3: 4 ti (4) (11.189.1) 


11.190. This equation gives the relation between the over-all temperature 
drop, Af, i.e., from the coolant inside the tubes to the saturated steam outside of 
tubes, and the heat flux, g/A, based on the outside area. If it were possible to 
solve this equation explicitly for ¢/A, the resulting expression could be sub- 
stituted for UAt in equation (11.187.3) and the integration performed. Since 
this is not possible, an alternative approach is used. From equations (11.187.1), 
(11.187.3), and (11.189.1) it is found that 


b In (b/a) Al (4 0.413 /g \~°*" ./¢ 
(@/A)1 k ah d A d A 


Aa wef 0-418 
(q/A)2 


ae (@/A)1 
aries, [! In la) +4) f en 1 + rue, 2418 f d(q/A) 


a/A)s om Jara (g/Ay 


oe feel ah mae to, £ ose, [(ay" a (x) "), 


(11.190.1) 








where the subscripts 1 and 2 refer to the conditions at the coolant entrance and 
exit, respectively, of the heat exchanger (or steam generator).* 


“or coolant velocities of 5 to 25 ft/sec in small tubes and steam pressures of 100 to 500 
psia, a check on the calculations may be obtained from the approximate relationship 


we 1 4 1 " 
A= "30" [\eaayoa mies 
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Example <A pressurized-water reactor operates at a (heat) power leve! of 30,000 kw. 
Cooling water enters the reactor at 482°F and leaves at 572°F and 2000 psia. In the 
stainless-steel tubular heat exchanger (boiler), through which the cooling water flows at 
10 ft/sec, saturated steam is produced at 471°F and 520 psia, outside the tubes. The 
latter are 0.375 in. O.D. and 0.245 in. I.D. Calculate (a) the heat-transfer area of the 
heat exchanger in which steam is generated and (6) the number and length of the heat- 
exchanger tubes. The following data may be used for water at 527°F, the average tem- 
perature in the reactor: 


Cp = 1.024 Btu/(lb)(°F) 
For Type 347 stainless steel 
k = 10.8 Btu/ (hr) (ft?) (°F/ft). 


Since h for water does not vary greatly in the temperature range of interest, it may be 
calculated at the average temperature, 527°F. From equation (11.128.1), with v = 10 
ft/sec and D = 0.245 in., it follows that 


p = 50 lb/ft’. 


ee 4 Ao oy —(10)° 
h = 170[1 + (10-)(627) — (10~)(527)"] 5 ages 
= 5000 Btu/(hr) (ft?) (°F). 


The internal radius, a, of the heat-exchanger tubes is (3) (0.245) = 0.125 in. = 0.0102 ft, 
and the external radius, 6, is ($)(0.3875) = 0.1875 in. = 0.0156 ft: hence, 


b In (b/a) _ 0.0156 ie 0.0156 
k ~ 10.8 ~ 0.0102 
= 0.00061. 
Further, 
b 0.0156 
ah (0.0102) (5000) i 
The heat-generation rate in the reactor is 30,000 kw or (80,000) (3412) = 1.024 x 1 
Btu/hr; this is equal to q in the equation (cf. § 11.108) 


q = we,At., 


where At, is the increase in the coolant temperature in the reactor, i.e., 572 — 482 = 90°F, 
Hence, 

q _ 1.024 x 108 
At, 90 


= 1.14 X 10° Btu/(hr) (°F) 
and, since c, is 1.024 Btu/(lb)(°F), 


1.14 X 106 
Oa 1.11 X 108 lb/hr. 


In order to evaluate (q/A): and (q/A)2 at entrance and exit, respectively, of the 
exchanger, use is made of equation (11.189.1). The values of the expressions con 
a, b, h, and k have already been determined, and from the data in § 11.184 it is seen 
at a steam pressure of 520 psia the constant ¢ is equal to 100, Consequently equal 
(11.189.1) becomes 
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os Sn olay 
At = (0.00061 + 0.00081) 4 + Gopyea8 ( 4) : 
From this relationship it is possible to make a plot of g/A against At for various values 
of q/A. From this plot it is found that at the coolant entrance to the heat exchanger, 
where At; is 572 — 471 = 101°F, 
(q/A): = 92,000 Btu/ (hr) (ft?), 
and at the exit, where Af, is 482 — 471 = 11°F, 
(q/A)2 = 6050 Btu/ (hr) (ft?). 


(The assumption is made here that the saturation temperature of the water is the same 
at both ends of the heat exchanger.) ‘ 

(a) The total (outside) area of the heat-transfer tubes can now be obtained from equa- 
tion (11.190.1); thus, 
92,000 
A = (1.14 X 10%) (0.00061 + 0.00031) In — 


6050 





(0.705) (1.14 X 10) [(6050)--8" — (92,000)-*"], 





(100)°:4"3 
= 3380 ft?. 
By means of the approximate equation in the footnote to § 11.190, it is found that 
A = Lt X10 : ee: | 
- 80 (11)°2 (101)? 
= 3170 ft?, 


which is in satisfactory agreement with the more exact value. : ; 
(b) The number of tubes, 7, in the heat exchanger is obtained from the relationship 
w = nvpAy, 


where A; is the flow area per tube. In the present case w is 1.11 X 10°lb/hr, v is 10 ft/sec 
or 3.6 X 103 ft/hr, p is 50 lb/ft, and the flow area za? is (3.14) (0.0102)? = 3.26 X 10 
ft?; hence, 


we e. 1.11 X< 10° 
"= wpA; (3.6 X 10°)(50)(3.26 X 10-4) 
= 1890 tubes. 


Since the total (external) heat-transfer area is 3380 ft? and there are 1890 tubes, the 
total external area per tube is 3380/1890 = 1.78 ft?. The external area per ft of tube is 
2mb, i.e., (2)(3.14) (0.9156) = 0.0982 ft?; consequently the length of a tube is given by 


1.78 
Length of tube = 0.0982 ~ 18 ft. 


THERMAL STRESSES IN REACTOR COMPONENTS 


INTRODUCTION 


11.191. Thermal stresses are developed in a solid body whenever the expan- 
sion or contraction of a differential volume element, that would normally result 
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from a change in temperature, is prevented. It is convenient to distinguish 
two different sets of circumstances under which thermal stresses occur. In the 
first case, the form of the body and the temperature conditions are such that 
there would be no stress except for the constraint of external forces. An exam- 
ple of this type might be a long fuel element or pipe with little or no freedom 
of movement at the ends. In the second case, the form of the body and the 
temperature conditions are such that stresses are produced in the absence of 
external constraints because of the incompatibility of the natural expansions or 
contractions of the different parts of the body. Both of these circumstances 
frequently arise in reactor systems as a result of nonuniform temperature dis- 
tributions, e.g., in fuel elements, shields, etc., and of mechanical constraints in 
assembled components. 

11.192. A simple form of the general equation which relates the thermal stress 
to certain physical properties of the solid body and the temperature changes 
may be derived in the following manner.* The basic procedure is to determine 
first the dimensions (or shape) the body would assume if unconstrained, and 
then to calculate the stress, i.e., the force per unit area, required to restore it to 
its original shape. Consider a rectangular element of an isotropic, elasti¢ 
material, and suppose, in the first place, that it is free to move in the y- and 
z-directions, but is constrained in the x-direction. The element is then heated 
uniformly, so that expansion tends to occur. If there were no restriction in the 
z-direction, the dimensional increase per unit length, i.e., the unit elongation, 
would be aAé, where a is the thermal coefficient of linear expansion and At is the 
temperature increase. In this case, the unit elongation in the z-direction, rep- 
resented by e,, is given by 


€é, = at. 


Consequently, if the material is elastic, the stress, oz, required to restore the 
original x-dimension is obtained from Hooke’s law as 


or = — Hex = —aKAt, 


where H# is Young’s modulus for the material. The stresses in the y- and 
z-directions are, of course, zero. 

11.193. When there are restraints upon more than one coordinate, it is neces« 
sary to employ. the generalized Hooke’s law in order to obtain the required 
relationships. In Cartesian coordinates these are given by the equations 


co = i [2 — vo + 0,)] + al 


* For detailed treatment of thermal stresses, see 8. Timoshenko and J. N. Goodier, “Th 
of Elasticity,’ 2nd ed., McGraw-Hill Book Co., Inc., 1951, Chapter 14; 8. Timoshe 
“Strength of Materials,” Part II, D, Van Nostrand Co., Inc., 1941, pp. 183, 174, 268; L. M, 
Boelter, e¢ al., op. cit., Chapter XVII, 
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ey = G ley — v(02 + o:)] + at 


& = 5 [oz — v(oz + oy)] + edt, 


where v is Poisson’s ratio. For constraints in the x- and y-directions, 
€: = ¢, = 0, whereas in the unrestrained z-dimension, o, = 0. From these 
conditions it readily follows that : 

ak 


—= p 





At. 


Fg Oy ae 


11.194. The foregoing analysis may be extended to include restraints in all 
three directions, and the results may be summarized in the form 





where c is 0, 1, or 2, depending upon whether restraints exist in one, two, or 
three directions, respectively. More generally, the stress is given for a finite 
system by an expression of the form 

al 


Ce yD, 





(11.194.1) 


in which F(r, é) is a function of the geometry of the body and the temperature 
distribution within it; examples of some cases of interest are presented below. 

11.195. Apart from the temperature and geometrical aspects, it can be seen 
from equation (11.194.1) that thermal stresses may be kept small by using, as 
far as possible, materials having low values of the coefficient of thermal expan- 
sion, Young’s modulus, and Poisson’s ratio. Although it is not immediately 
evident from the general equation, it is reasonable to suppose that a high thermal 
conductivity is an advantage since this will tend to decrease the temperature 
differences within the body. 

11.196. In the design of reactor components it is frequently desirable to make 
a preliminary estimate of the order of magnitude of a thermal stress to determine 
if it is large enough to warrant more precise calculation. For this purpose a 
relationship similar to equation (11.194.1) may be used; this is 





al 
o= 7. (At) max, 


1 aes 
where (At)max is the maximum (numerical) difference between the average tem- 
perature and the temperature of any other part of the system. 

11.197. The general stress equation given above (and its application to special 
cases to be described shortly) is satisfactory, provided the material is stressed 
below the elastic limit throughout. If the elastic limit is slightly exceeded, so 
that plastic flow occurs, or if creep takes place, the thermal stresses are relieved 
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in these regions and the values are lower than predicted. In cases where the 
material undergoes temperature cycling, plastic flow will not be appreciable if 
the calculated (elastic) stress is less than the sum of the yield strengths in ten- 
sion and compression. For ductile materials, where these two yield strengths 
are roughly equal, this means that the calculated stress must not exceed twice 
the yield strength. 


THERMAL STRESS IN SPHERE WITH UNIFORM SOURCE 


11.198. A fairly simple case which is of interest in certain reactor designs is 
that of a sphere, e.g., of moderator or reflector, in which the heat source is es- 
sentially uniform. If a is the radius of the sphere, the temperature ¢ at any 
point at a radial distance r from the center is given by* 


t— ta -2 @—7, 
where Q is the source strength, k is the thermal conductivity, and é, is the tem- 
perature at the surface of the sphere. If this equation is inserted into the ap- 
propriate forms of equation (11.194.1) for a solid spheret and the required in- 
tegrations performed, it is found that 


Crad = as (r? — a*) 

and 
= akQ 

“ten 15Kk(1 — 7) 
where oraa and otan refer to the thermal stresses in radial and tangential ¢ - 
tions, respectively. It will be observed that the radial stress becomes zero ai 
the outer surface of the sphere, i.e., when r = a, as is to be expected. The 
gential stress is zero at a point within the sphere where 2r? = a?, i.e., wher 
r = 0.707a. As an aid to the use of the foregoing equations, the dimensionl 
quantity 15k(1 — v)o/aHQa? has been plotted in Fig. 11.24 as a function of r/ 
for both oraa and ctan.t 
Example Calculate the tangential stresses (a) at the surface and (6) at a radial dis 
of a quarter of the radius, in a 3-in. diameter sphere of beryllium oxide in whieh heat 
generated uniformly at the rate of 10 watts/em* due to gamma-ray absorption. 


following values of the physical constants of beryllium oxide may be taken as applical 
at the existing temperatures: 


a = 5.383 X 10°°/°F 


(2r? ~ a*) ) 


E = 39 X 10° psi 


k = 21.5 Btu/(hr) (ft) (CF/ft) v = 0.34 
(a) At the surface of the sphere, r = a, so that 
akQa* 
oma" THRU — 9)" 


* See Problem 11.6. 

+ For the derivation of these equations, see 8. Timoshenko and J. N. Goodier, op, cit, 
418. 

tJ. C. Carter, Report ANL-4690, This and other figures referred to below are based | 
unpublished equationa derived by R, B, Brigg, 
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and since a is 1.5 in. = 0.125 ft, and Q is 10 watts/cm? = 9.66 X 10° Btu/(hr) (ft), it 
follows that 
_ (5.33 X_10~*) (39 X_10°) (9.66 X_10°) (0.125)? 
Stan = (15) (21.5)(1 — 0.34) 
14,700 psi. 
(b) For r = 0.25a, i.e., when r/a = 0.25, the ordinate for the otan curve is found from 
Fig. 11.24 to be close to —0.86; that is, 


15k(1 — v)otan 


= —0.86 


akQad 
so that 
_ —0.86aEQa? 
Cton = “15K(1 — 7) 
= —12,600 psi. 


THERMAL Stress IN HoLLOoOw CYLINDER WITH UNIFoRM Hzrat SourRcE 


11.199. An internally cooled fuel element or a moderator piece with regularly 
spaced cooling holes, as described in § 11.92, may often be treated as an unre- 
strained hollow cylinder, insulated at the outside, with heat being withdrawn 
from the inner surface. The radial temperature distribution for this geometry, 
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assuming a uniform source, is given by equation (11.93.1). The results of in- 
serting this into appropriate forms of equation (11.194.1) are shown in Figs. 
11.25, 11.26, and 11.27, for a hollow cylinder for which a and b are the internal 
and external radii, respectively. In these figures the dimensionless quantity 


16k (1-1) opay 
EaQa2 





SSN 
t/a 


Fig. 11.26 Calculation of radial thermal stress in hollow cylinder (J. C. Carter) 


16k(1 — v)o/aHQa?, for tangential, radial, and longitudinal stresses, is plot 
as a function of r/a for various values of the parameter b/a. General inspecti 
of the curves shows that for a given value of r/a, the stresses all increase as b/ 
the ratio of the external to the internal radius, increases. 


THERMAL STRESS IN SLAB WITH EXPONENTIAL Hat SourcE 


11.200. The prediction of stresses in a slab heated by an exponentially 
tributed source is of special interest in connection with the design of the 
shields and of thick-walled pressure vessels. The temperature distribution for 
a slab of thickness L is given by equation (11.96.1) and combination with the 
appropriate thermal stress equations* gives 


aH Qo at (ex ml a a: 2(e~ml 4 2) 





6(e~ Hl — ay a 


78 ee leek ee (uel)? wal 
6(e~ mh + 1 
al a + enna 


*§. Timoshenko and J, N. Goodier, op, cit., page 401, 
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THERMAL STRESS IN UNRESTRICTED CLAD FLAT-PLATE FurL ELEMENT 

11.201. For flat-plate (sandwich type) fuel elements clad on each side (cf. 
§ 11.81), in which the thermal and mechanical properties of the fuel and cladding 
do not differ greatly, the thermal stress in the y- (and z-) direction (see Fig. 
11.28), due to a uniform heat generation in the fuel, is given at the central plane 
of the fuel region by* 


__ _ __akQa’_[e . 2a ] 
Geen 2kK(1— ») [ 3(a +c) (11.201.1) 





EaQa 


CLADDING 


16k ({-V)o1oNne 





Fig. 11.27 Calculation of longitudinal Fic. 11.28 Thermal stress in clad fuel 
thermal stress in hollow cylinder (J. C. plate 
Carter) 


and at the outer surface of the cladding by 
— «= —oiQa* [ Bicnancet } 
tec) MA —-HL ta ator 
where a is the half-thickness of the fuel region and ¢ is the cladding thickness, 
(It may be noted that ¢ is equivalent to b — a of Fig, 11.6.) 
*P, O, Zmola, unpublished, 


(11.201.2) 
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Example Calculate the thermal stress (a) at the central plane and (6) at the outer 
surface of a sandwich-type fuel element consisting of a 0.06-in. thick fuel region clad on 
both sides with a 0.03-in. layer of a metal having essentially the same mechanical and 
thermal properties as the fuel region. These properties are as follows: 


a=9X 10°/°F E = 10 X 108 psi 
k = 10 Btu/(hr) (ft?) (°F/ft) vy = 0.30. 
Assume that the heat is generated uniformly so as to give a heat flux of 0.5 X 10° Btu/ 
(hr) (ft?) at the surface of the plate, which is cooled equally on both sides. 
It follows from the statement in § 11.83 that the heat flux, ie., ¢/A, is equal to aQ, 
so that in the present case, since 2a is 0.06 in., i.e., a = 2.5 X 10° ft, 
0.5 X 10° 


= 235x108 


= 2 X 10” Btu/(hr) (ft*) 


(a) Central plane: From equation (11.201.1), 


_ _@ X 10*)(10 X 10°)(2 X 10) (2.5 x 10-8)? [0.03 
(2)(10)(1 — 0.3) [ 


Oy = 


2(0.03) 
0.03 © (3) aa 


—9400 psi. 
(6) Outer surface: From equation (11.201.2) 
ee (9 X 10-*)(10  10°)(2 & 10'°)(2.5 & 107%)? E 0.08 


oc 2(0.03) 
Py (2)(10)(1 — 0.3) | 


0.03 (3)(0.06)2 
= 14,700 psi. 


COMPARISON OF MATERIALS 


11.202. In concluding this section on thermal stresses it is of interest to com- 
pare the expected behavior of different materials in this connection. An exami- 
nation of the various equations given above shows that in all cases the factor 
al/k(1 — v) appears, and the value of this quantity for different substances 
should give a relative indication of the thermal stresses that would be produced 
under equivalent conditions. Some data for a temperature of about 600°F, 
together with the approximate tensile strengths at this temperature, are given 
in Table 11.4. A high value of the thermal stress can be compensated, to some 
extent, by a large tensile strength. . 


TABLE 11.4. RELATIVE THERMAL STRESS FACTORS 
AND TENSILE STRENGTHS 


Material aH/k(1l — v) Tensile Strength (psi) 
Aluminum (28)............... 1.4 3,500 
Beryllium (extruded)......... 6.0 41,000 
Beryllium oxide.............. 14.6 15,000 
Graphite. sk. Washi susie the 0.1 3,200 
Stainless steel (Type 347)..... 33.8 69,000 
Dranitg hci an eee 24.8 29,000 
22% U-Al alloy.......sseeaee 2.0 8,100 
AAvooninm ) se Vienne 4.6 


15,600 
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11.203. It is seen from the table that, for a given temperature difference in 
the material, the corresponding thermal stress will be lowest for graphite, 
aluminum, and the uranium-aluminum alloy; zirconium and beryllium are in the 
medium range, whereas beryllium oxide, uranium, and stainless steel (Type 347) 
will exhibit the largest stresses. It should be noted, however, that the thermal 
stresses are calculated on the assumption that the material is stretched below 
the yield point. The ductility of the metal, which permits it to yield (‘‘creep’’) 
without cracking, is thus an important consideration, e.g., for stainless steel. 
Beryllium, on the other hand, is very brittle and cracks if the yield point is 
exceeded. It is seen, therefore, that the calculated thermal stresses alone do not 
provide a complete guide to the expected behavior. Although the values are 
important in establishing temperature conditions under which cracking may oc- 
cur, they do not indicate whether this actually happens, since other factors are 
equally significant. Temperature cycling, for example, even below the elastic 
limit, causes difficulty in many cases, although the thermal stresses may not be 
excessive.* 


Sympots Usep IN CHapTeR XI 


A area 

As coolant flow area (cross-sectional area of coolant channels) 
Ap heat-transfer area 

a internal radius of hollow tube or cylinder 

a radius of sphere 

a half-thickness of fuel region 

b external radius of hollow tube or cylinder 

b half-thickness of fuel element 

Cy, C2 arbitrary constants 

c factor (in boiling heat transfer) 

c cladding thickness 

Cp specific heat (at constant pressure) 

D pipe diameter 

D, equivalent (or hydraulic) diameter 

iE Young’s modulus 

i energy per fission 

EK, energy liberated in capture processes 

Ky energy liberated in fuel per fission 

Pr shearing force 

f Fanning friction factor 

Gr Grashof number (= L'p*gBAt/u*) 

q acceleration of gravity (or gravitational constant) 
H velocity head * 


* Por further discussion of this subject, see M, Thielaeh, “Thormal Matigue and Thermal 
Shock,’ Welding Research Council Bulletin No, 10, April 1062; and articles in “Heat Tranafor 
Symposium,” Ann Arbor, Michigan, 1052, ; 























PRINCIPLES OF NUCLEAR REACTOR ENGINEERING 


height of cylindrical reactor core 
effective height of cylindrical reactor 
heat-transfer coefficient 

boiling heat-transfer coefficient 
Bessel function of zero order 

Bessel function of first order 
pressure loss coefficient in contraction 
pressure loss coefficient in expansion 
pressure loss coefficient in fittings, etc. 
thermal conductivity 

length of heat-flow path 

slab thickness 

number of nuclei per cm? 

number of coolant channels 

number of heat-exchanger tubes 
Nusselt number (= hD/k) 

power density 

power density at center of reactor 
average power density 

maximum power density 

passage perimeter 

pressure drop due to friction 

Peclet number (= Re X Pr = Dupc,/k) 
Prandtl number (= cpu/k) 


volumetric heat source strength (rate of heat release per unit volume) 


volumetric heat source at center of reactor (or channel) 
rate of heat flow 

heat flux 

thermal resistance 

radius of cylindrical reactor 

effective radius of reactor 

radial distance (coordinate) 

pipe radius for circulating fuel 

inner radius of annular channel 

outer radius of annular channel 

Reynolds number (= Dup/y) 

temperature 

mixed-mean fluid temperature 

temperature at solid surface 

saturation temperature of boiling liquid 
temperature at wall of pipe 

temperature difference 

surface temperature difference in boiling system 





Tx, Ty, Fz 
long 
Trad 
Stan 


d 

go 
Pav 
Piong 
v2 
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increase in mixed-mean temperature of coolant 
temperature difference across wall 
over-all heat-transfer coefficient 

fluid velocity (local) 

volume of heat-transfer channel 

mean velocity of fluid 

mass (or weight) rate of fluid flow 
coordinates 

fluid thermal diffusivity 

thermal coefficient of linear expansion 
function equal to z/L 

thermal coefficient of volume expansion 
eddy diffusivity 

roughness factor 

unit elongation under stress 

unit elongation in x-direction 
viscosity 

energy-absorption coefficient for gamma rays 
viscosity at wall 

Poisson’s ratio 

density 

volumetric heat capacity 

macroscopic fission cross section 
microscopic fission cross section 
thermal stress 

thermal stress in z-, y-, z-direction 
longitudinal thermal stress 

radial thermal stress 

tangential thermal stress 

neutron flux 

neutron flux at center of reactor 
average neutron flux 

longitudinal neutron flux 

Laplacian operator 


PROBLEMS* 


1. In a heat exchanger consisting of steel tubes, with k = 25 Btu/(hr) (ft?) (°F/ft), hav- 
ing an internal diameter of 1.1 in. and external diameter 1.3 in., heat is transmitted from 
a primary coolant, inside the tubes, to a secondary coolant, outside. The respective 
heat-transfer coefficients are 8400 and 6300 Btu/(hr)(ft?)(°F), Determine the tempera- 
ture difference between the primary and secondary coolants and the temperature drop 
across the tube wall when heat is being transferred at a rate of 6000 Btu/hr per ft of tube, 

*Tf not supplied, data required for the solution of the One will be found in the text 
or in the tables in the Appendix, 
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2. A cylindrical,’1-in. diameter, fuel element of natural uranium is clad with aluminum 
0.05 in. thick and is cooled with water. The temperature of the water at the surface of 
the element is 155°F, the heat-transfer coefficient is 6600 Btu/ (hr) (ft?)(°F), and the ther- 
mal flux in the reactor is 10'4 neutrons/(cm?)(sec). Assuming the thermal source in the 
fuel to be uniform, determine the temperature distribution through the fuel and cladding. 

3. If the cooling water in the preceding problem flows through an annular channel sur- 
rounding the fuel element at a rate of 20 ft/sec, estimate the outside diameter of the 
annulus which will make the heat-transfer coefficient equal to the value given. , 

4. A plate-type fuel element, consisting of a uranium-zirconium alloy 3 mm thick clad 
on each side with a 0.5 mm thick layer or zirconium, is cooled by water (under pressure) 
at 400°F, the heat-transfer coefficient being 7500 Btu/(hr)(ft?)(°F). If the temperature 
at the center of the fuel must not exceed 1050°F, determine the maximum specific power 
attainable, expressed in kw/kg of uranium-235, given that the fuel region contains 10 
per cent by weight of the latter. Determine the temperature distribution through the 
fuel and cladding when the reactor is operating at the maximum power. (The density 
of the zirconium may be taken as 6.5 g/cm® and its thermal conductivity as 12 Btu/ 
(hr) (ft?) (°F/ft); the latter value may be taken to apply also to the fuel region.) 

5. In the preceding problem the resistance at the fuel-cladding interface is neglected. 
Investigate the effect of a possible surface conductance of 10,000 Btu/ (hr) (ft?) (°F). 

6. Show that for a sphere of radius a and thermal conductivity & having a uniform 
volumetric heat source Q, the temperature, ¢, at a distance r from the center, is given by 


= _Q 2 pt 
t ta = 6) (@ 7), 


where ft, is the temperature at the exterior. 
7. A beryllium moderator (& = 7.2 Btu/(hr) (ft?)(°F/ft)) is cooled by water at 100°F 
flowing through tubular channels of 1-in. diameter at the rate of 15 ft/sec. If the maxi+ 
mum temperature in the moderator is 180°F, what is the rate, expressed in kw/ft*, at 
which heat is removed from the beryllium? The moderator may be treated as equivalent 
to an insulated cylinder of 1 ft. diameter with a cooling channel through the center, 
8. Gamma rays, with an energy flux of 2 X 10'5 Mev/(cm?)(sec), are incident upon 
an iron thermal shield 4 in. thick. Cooling air maintains the temperature at the f 
nearest the reactor at 150°F, whereas that at the other face is 100°F. Taking the ene 
absorption coefficient of iron for the given gamma rays to be 0.16 cm™ and the the 
conductivity to be 30 Btu/ (hr) (ft?)(°F/ft), determine the location and value of the maxi- 
mum temperature in the thermal shield. ‘ 
9. Using the data in § 11.101, estimate the temperature drop at the interface betw: 
a fuel slug and the graphite in the Oak Ridge natural uranium-graphite reactor when ope 
erating at a power of 3800 kw. It may be assumed that 1000 fuel channels are filled 
an average length of 14 ft. 7 

10. A reactor cooled with liquid sodium is to produce 200,000 kw of heat. The oy 
lindrical fuel elements are 8 ft long and 0.75 in. in diameter, and the coolant flows througli 
an annular channel of 0.625-in. outer radius at a rate of 25 ft/sec. The liquid sodium 
enters the reactor at 700°F and the maximum permissible surface temperature of the fuel 
rods is set at 1050°F. Calculate the minimum number of cooling channels that would 
be required and the average exit temperature of the coolant. (For the purpose of 
calculation the reactor core may be treated as a bare cylinder.) 

11. Suppose that in the preceding problem the liquid sodium flows into the ch 
from a large pipe (or header) and flows into a similar pipe when it leaves the reac 
Calculate the pumping power (a) in kw, (b) in theoretical hp, required to pump 
coolant through the reactor, 
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12. Calculate the values of the heat-transfer coefficient for (a) water at 450°F, (6) so- 
dium at 800°F, at flow velocities of 10, 20, 30, and 40 ft/sec through a circular tube having 
an internal diameter of 1 in. What conclusions may be drawn concerning the advantage 
of increasing the flow velocity, taking into account the required pumping power, for the 
two cases? 

13. Using the method outlined in § 11.163, derive an expression whereby the fraction 
of reactor heat required for pumping the coolant may be compared for different (non- 
metal) coolants on the basis of their known physical properties. In the derivation it is 
to be assumed that the reactor operates at the same power, that the length, diameter, 
and number of the coolant passages are the same, as also are the temperature increase 
of the coolant and the temperature drop between the fuel-element surface and the coolant, 
for all the coolants. The conditions are to be taken such that turbulent flow occurs in 
every case. 

14. In a reactor of the Swimming Pool type, the fuel plates are 0.25 in. apart and the 
total flow area for the water is 0.80 ft?. The temperature of the water at the bottom of 
the fuel plates is 85°F. What will be the temperature at the top when the reactor oper- 
ates at a power level of 100 kw? 

15. Calculate the heat-transfer coefficient of helium at 500°F and 200 psia flowing at 
a rate of 150 ft/sec through a channel of rectangular cross section, 0.2 X 3.0 in. Con- 
sider, taking into account the effect on the pumping power, what changes might be made 
either in the design of the coolant channels or in the conditions of the coolant that would 
result in a beneficial change in the heat-transfer coefficient. 
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NUCLEAR REACTOR DESIGN VARIABLES 





MAIN ASPECTS OF REACTOR DESIGN 


INTRODUCTION 






















12.1. The complete design of a nuclear reactor system is a lengthy and com- 
plicated procedure involving the cooperation of many engineers and scientists 
possessing specialized knowledge and experience of various types. Fundamen- 
tally, the operation requires a synthesis of information from the various fields 
which have been outlined in the preceding chapters of this book. If circum- 
stances permit, due regard should be paid to economic considerations such as 
are characteristic of engineering practice in general. Good reactor design should 
take into account the cost and availability of materials, the fabrication of fuel 
elements and their processing after discharge from the reactor, the amount. of 
fuel held up during various stages, and the cost of constructing and operating 
the reactor, in addition to the more obvious problems of criticality, heat removal, 
controls, shielding, etc. 

12.2. It is not possible in this chapter to refer to all the details of reactor 
design. It is proposed, rather, to examine the main variables concerned and to 
review the data and arguments upon which reasonable choices can be based, 
Although many aspects of reactor design are interrelated, it is nevertheless 
convenient to consider these aspects in three broad categories; they are (1) the 
nuclear system, (2) the heat-removal system, and (3) structural, mechanical, and 
associated systems. t 


* Reviewed by R. B. Briggs, J. A. Lane, and N. F. Lansing. ; 

}{ For general reviews of reactor design problems, see W. F. Davidson, Nucleonics, 5, No, 6, 
4 (1949); L. A. Oblinger, ibid., 5, No. 6, 38 (1949); 6, No. 1, 10 (1950); 6, No. 2, 54 (1950); 
6, No. 3, 46 (1950); K. H. Kingdon, zbid., 10, No. 4, 18 (1952); J. A. Lane and 8. McLain, 
Chem. Eng. Prog., 49, 287 (1958); 8. McLain, ibid., 50, 240 (1954) ; Ww. i Abbott, ibid,, 
245 (1954); F. T. Miles and I. Kaplan, Chem. Eng. Prog. Symposium Series, No, 11, 50, 1 
(1954); W. E. Parkins, ibid., No. 13, 50, 53 (1954); R. L. Witzke and S. A. Haveraticl, 
Eng., '74, 116 (1955); 8. McLain, ibid., 74, 44, 144 (1955). 
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Tue Nuciear System 


12.3. After the purpose of the reactor and its maximum operating power have 
been established, the initial reactor concept will include, at least, provisional 
decisions concerning the nature of the principal components, namely, fuel, mod- 
erator, reflector, and coolant. These decisions are bound up with the question 
of the neutron energy range (or spectrum), i.e., fast, intermediate, or slow, in 
which most of the fissions are to occur. With this information preliminary cal- 
culations can be made of the actual masses of fuel for various proportions and 
arrangements of fuel and moderator, and the prescribed reflector material, as 
outlined in Chapter III. These estimates will be refined as the design proceeds 
and information becomes available concerning the thermal aspects of the system, 
e.g., nature of the coolant, heat-exchanger area, design of fuel elements, etc. 


HEAtT-REMOVAL SYSTEM 


12.4. A decision must first be made with regard to the general method of 
heat removal, e.g., by internal cooling of the reactor core or by circulating the 
fuel and cooling it externally. If an internal coolant is to be used, this must be 
chosen, as well as the heat-transfer mechanism, e.g., natural convection, forced 
convection, or boiling. The arrangement of the fuel and moderator and the 
fuel-element design are selected in order to facilitate the transfer of heat to the 
coolant. As indicated in Chapter XI, the requirements here may be in conflict 
with those based on optimum nuclear conditions, so that some compromise may 
prove necessary. 

12.5. The operating temperatures of the reactor, i.e., the inlet and outlet 
temperatures of the coolant, will be determined by the rate at which the coolant 
flows through the reactor core, by the physical properties of the coolant, and by 
the temperature of the medium to which heat is transferred in the external heat- 
exchange system. The coolant outlet temperature is usually limited by the 
maximum permissible temperature of the fuel elements (or other solid compo- 
nents) in heterogeneous reactors, or by the pressure of the system, by chemical 
stability, or by corrosion considerations in homogeneous reactors. Since high 
temperatures are desirable in a power reactor, for thermodynamic reasons, the 
coolant temperatures are maintained as high as possible subject to the fore- 
going limitations. 


SrrucruraL, Mecuanican, anp Associarep Sysrems 


12.6. The choice of the fuel cladding, which is part of fuel-element design, is 
also, in a sense, one of the structural problems. A solid moderator, too, is part 
of the over-all reactor structure. Among other aspects of structural and me- 
chanical problems are the design of the instrumentation and control systems, 
the shield, the pressure vessel (if required), the heat exchanger (or boiler), and 
methods for loading and unloading the reactor fuel, Since instrumentation, 
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control, and shielding have been treated in preceding chapters, they will not 
be considered further here. Conventional engineering topics, i.e., problems of 
design and construction not directly influenced by radiation, will also be omitted. 
The discussion will, therefore, be restricted largely to the variables involved 
in the design of the reactor core. 


REACTOR EXPERIMENTS 


Purposrt or REACTOR 


12.7. Reactors which have already been constructed or have been given serious 
consideration fall into five general groups according to the purpose for which — 
they areintended. Although there may be some overlap in functions, these may — 
be described as (1) reactor experiments, (2) experimental (or research) reactors, 
(3) production reactors (or converters), (4) reactors for power only (mobile and 
central station), and (5) dual-purpose (power and production) reactors. The 
design problems to be treated in this chapter will refer more particularly to power 
reactors. However, for the sake of completeness, a general review of the factors 
determining the design of reactor experiments and experimental (or research) 
reactors will be presented first. More detailed descriptions of these and other 
reactors will be given in Chapter XIII. 

12.8. The purpose of a reactor experiment is to obtain information concerning, 
a specific design or concept. ‘The first self-sustaining nuclear reactor to be con 
structed, namely, CP-1 (Chicago Pile No. 1) was a reactor experiment; its 
objective was to confirm the expectation that a fission chain reaction could be 
maintained in a natural uranium-graphite system. More recently, two im) 
tant reactor experiments have been the EBR (Experimental Breeder Reactor 
to test the possibility of simultaneous breeding and power production, and 
HRE (Homogeneous Reactor Experiment), to provide information concerni 
the operation and nuclear stability of an aqueous circulating-fuel reactor to 
used as a source of power. 


Reactor DEVELOPMENT PROGRAM 


12.9. The Five-Year Power Reactor Development Program, proposed by 
U.8. Atomic Energy Commission in 1954, involves a number of reactor ex 
ments. These include EBR-2 and HRE-2 (or Homogeneous Reactor ‘Test, 
HRT), which are larger-scale versions of the experiments mentioned in the pré« 
ceding paragraph. A further development of the latter experiment will be & 
study of thermal breeding of uranium-233 from thorium. In addition there 
be an experimental boiling water reactor (EBWR) which will explore fu 
(cf. § 8.238) the prospect of obtaining steam by boiling water directly wi 
the reactor, and a sodium-graphite experiment (SRE) to investigate hig 
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temperature operation of a reactor using graphite as moderator and sodium as 
coolant.* 


RESEARCH REACTORS 


REQUIREMENTS OF RESEARCH REACTORS 


12.10. An experimental or research reactor is essentially a laboratory device; 
it can be used to provide physicists and engineers with some basic experience 
in reactor design and operation, and also to perform a variety of experiments and 
investigations requiring relatively strong neutron sources.t After its reconstruc- 
tion as CP-2, early in 1943, at the Argonne National Laboratory, the first 
reactor experiment (CP-1) became an experimental and research reactor and was 
extensively used to determine the nuclear properties of various possible reactor 
materials and for early studies of shielding, controls, instrumentation, etc. The 
requirements of a research reactor are essentially safety, simplicity, and reli- 
ability in operation, accessibility for experiments, a relatively high neutron flux, 
and moderate cost. Reasonably small size, if compatible with accessibility, is 
also desirable. 

12.11. According to equation (2.164.1), the flux, ¢, of the neutrons causing 
fission in a reactor is related approximately to the power (P watts) and the mass 
(g grams) of fissionable material, e.g., uranium-235, by 


a P _ 12 x 10"P 
~ 8.3 10%gos —-go;(barns) ’ 


where a; is the value of the microscopic fission cross section expressed in cm?2/nu- 
cleus and o;(barns) is the value in barns. In order to minimize the power which 
must be removed from the reactor at a given flux, it is desirable to keep w, the 
mass of fissionable material in the core, as small as possible. This can be 
achieved by increasing the enrichment of uranium-235 in the fuel to the point 
where neutron absorption in uranium-238 is relatively unimportant (20 per cent 
uranium-235 or more) and using a good moderator. As long as natural uranium 
as fuel and graphite as moderator were the only materials available for reactor 
construction, the design of experimental and research reactors was restricted. 
With the availability of heavy water and highly enriched uranium, the situation 
has changed, as will be seen in the following paragraphs. 

12.12. From the design standpoint, most research reactors constructed 
hitherto fall into five main classes: (1) natural uranium-graphite, (2) natural 


* “Report on the Five-Year Power Reactor Development Program Proposed by the Atomic 
Energy Commission,” U. 8. Government Printing Office, March 1954. 

t For possible uses of experimental reactors, see D. J. Hughes, ‘Pile Neutron Physics,” 
Addison-Wesley Press, Inc., 1953; C. Beck, Nucleonics, 9, No. 5, 18 (1951); M. Fox, dbid., 11, 
No, 6, 46 (1953); L. D. P. King, Report ABCU-2900, p, 81; R. L. Murray, tbid., p. 217. Sev- 
eral other papers in Report AECU-2900 are also of interest in this connection, See also, 
M. Benedict, Chem. Ming. Prog., $1, 538F (1055). 


$ (12.11.1) 
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uranium-heavy water, (3) enriched uranium-heavy water, (4) homogeneous en- 
riched uranium-ordinary water (Water Boiler), and (5) heterogeneous enriched 
uranium-ordinary water (MTR and Swimming Pool). The general character- 
istics of these five types will be outlined below. Reference will also be made to 
a few other reactor designs which do not fall into these categories. 


NaturaL URANIuM-GRAPHITE TYPE 


12.13. In addition to CP-2, the Oak Ridge X-10 and Brookhaven National 
Laboratory (BNL) reactors in the United States use natural uranium as fuel 
and graphite as moderator. The Graphite Low-Energy Experimental Pile 
(GLEEP) and the British Experimental Pile (BEPO), in England, also employ 
the same materials. In each case, with the exception of CP-2, cooling is by 
forced convection of air. The normal operating power of CP-2 is very low 
(2 kw) because it has no provision for heat removal except conduction through 
the graphite moderator and the concrete shield. 

12.14. The main advantage of the air-cooled, natural uranium-graphite type of 
experimental reactor lies in its large size and adaptability, so that many observae 
tions of different types can be performed simultaneously. Large pieces of ap- 
paratus can be readily accommodated alongside the reactor, and even included 
within the core, if necessary, by removing some of the graphite. The X-10 and 
BNL reactors have also been used extensively for the large-scale production of 
radioisotopes, by neutron reactions with a variety of elements. On the other 
hand, the large size and weight represent the chief drawbacks of reactors of this 
type. The minimum amounts required for criticality are about 30 tons of 
natural uranium metal and 350 tons of graphite, including the reflector, although 
the actual loadings are roughly twice as large. The over-all size of the BN 
reactor, for example, with its shield, is 38 X 55 X 30 ft, and its total weigh 
with the concrete foundations, is about 20,000 tons. 


NatrurRAL URANIUM-HEAvy WatTER TYPE 


12.15. Since heavy water is a better moderator than graphite and also has 
smaller cross section for neutron absorption, the infinite multiplication factor 
a natural uranium-heavy water system is appreciably greater than one consisti 
of natural uranium and graphite (see Chapter III). Consequently reactors Wi 
heavy water as moderator are considerably smaller than those employing graphe 
ite in this capacity. Thus, the first heavy water reactor to be constructed, CP 
(Argonne National Laboratory), contained 3 tons of natural uranium metal and 
6.5 tons (1500 gal) of heavy water in an aluminum tank 6 ft in diameter any 
nearly 9 ft high. Because of the smaller mass of fissionable material, 1 
average thermal neutron flux in CP-3, operating at 300 kw, was about the # 
as in the moderator of the X-10 reactor at 3800 kw, i.e., 5 X 10" neutrons/( 

sec). 
side For various reasons, research reactors with heavy water have pro 
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attractive. They provide a relatively high neutron flux for a given power, 
since they require less uranium metal than do graphite reactors. This latter 
consideration is important in countries where heavy water is more readily avail- 
able than uranium. The Canadian ZEEP (Zero Energy Experimental Pile) 
and the NRX (National Research Experimental) Reactor both employ natural 
uranium as fuel and heavy water as moderator. The latter (NRX) is somewhat 
unusual in the respect that ordinary water is the coolant, flowing through an- 
nular spaces around the fuel rods in the reactor. In most other heavy-water 
reactors the fuel elements are cooled by convection to the moderator, which is 
circulated and cooled in an external heat exchanger. An exception is the French 
Saclay (P-2) reactor, referred to below, in which a gas is the coolant within the 
reactor. In the internally cooled NRX reactor, the heavy water moderator is 
also circulated and cooled externally. 

12.17. Among other research reactors of the natural uranium-heavy water 
type, mention may be made of the French ZOE (Chatillon) and the gas-cooled 
P-2 (Saclay) reactors, the Joint (Norwegian-Dutch) Establishment for Nuclear 
Energy (JEEP) reactor at Kjeller, Norway, and the Swedish reactor at Stock- 
holm. The JEEP and Swedish reactors are similar in many respects to CP-3. 


ENRICHED URANIUM-HEAVY WATER TYPE 


12.18. When the CP-3 reactor was dismantled in 1950, because of suspected 
corrosion of the aluminum canning of the fuel rods, the natural uranium was 
replaced with metal (2% U-98% Al) enriched in uranium-235. The resulting 
system, referred to as CP-3’, was thus the first reactor to use enriched fuel in 
conjunction with heavy water as moderator. The enrichment of the fuel made 
possible a decrease in the total weight of uranium metal and a four-fold increase 
in the average thermal-neutron flux, to 2 <X 10” neutrons/(cm?)(sec), for the 
same power output (300 kw). 

12.19. As a replacement for CP-3’, Argonne National Laboratory has built 
a reactor of somewhat similar type, called CP-5, with heavy water as moderator, 
but using plate-type fuel elements of highly enriched uranium metal alloyed with 
aluminum. This design was chosen chiefly because of the good performance 
and excellent characteristics for research of the CP-3’ reactor. As a consequence 
of the high enrichment of the fuel, the core of CP-5, which is approximately 
cylindrical, is quite small; it is 2 ft in height and the same in diameter. The 
reactor contains only 1.2 kg of uranium-235 and 6.5 tons of heavy water (in- 
cluding a 2-ft thick reflector) and, when operating at its normal power of 1000 kw, 
the average thermal-neutron flux is 2 x 10 neutrons/(cm?) (sec). 


Homoaunnous Enricuep URANTUM-ORrDINARY WATER 
(Warer Boruer) Typ ¥ 


12.20, The original so-called Water Boiler was put into operation at Los 
Alamos Scientific Laboratory in 1944, The core contained about 13° liters 
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(34 gal) of a solution in ordinary water of about 6 kg of uranyl sulfate enriched 
in uranium-235 to the extent of 14.6 per cent (0.57 kg of U-235); the container 
was a stainless steel sphere about 1 ft in diameter. The name Water Boiler has 
been applied to reactors of this type, but it is misleading since the temperature 
of the water, which is above normal because of the heat generated by fission, is 
maintained below the boiling point, in the interest of stability of operation. The 
Los Alamos Water Boiler was the first reactor to use enriched uranium as fuel, 
as well as the first to employ ordinary water as moderator. As stated in § 3.184, 
it is apparently not possible to achieve a critical system with natural uranium 
and ordinary water, so that enrichment of the fuel is necessary. 

12.21. The original (LOPO) Water Boiler had no cooling system and operated 
at very low power (<1 watt). Upon its reconstruction as HYPO later in 1944, 
the fuel solution contained somewhat more than 10 kg of uranyl nitrate (0.87 kg 
U-235) in about 13 liters, and cooling coils through which water could be cir- 
culated were introduced. The normal operating power was then raised to 6 kw, 
In a further improvement, known as SUPO, made in 1951, uranium of about 
90 per cent enrichment was used, in the form of roughly 1.5 kg of urany] nitrate — 
(0.87 kg U-235). The operating power is 45 kw, and the average therme 
neutron flux is 10 neutrons/(cm?) (sec). 

12.22. The simple design of the Water Boiler, with a core consisting merely 
of an aqueous solution, and its intrinsic safety, due to its large negative temper 
ature coefficient, have made this reactor of special interest as an experimen 
device for universities and industrial laboratories. The first such reactor to ht ; 
built was at North Carolina State College, Raleigh, N. C., and it commenced 
operation in 1953. It was originally called the North Carolina State Reactor 
(NCSR), but is now known as the Raleigh Research Reactor (RRR). It em 
ploys 0.86 kg of uranium-235, in the form of uranyl sulfate (98 per cent enrich« 
ment), in about 13 liters of aqueous solution, contained in a stainless s eel 
cylinder. With the aid of four cooling coils in parallel, the normal operatit 
level is maintained at about 10 kw; the average thermal flux is then abow 
2 X 10" neutrons/(cm?) (sec). 

12.23. A compact model of the Water Boiler reactor, called a Water Bo 
Neutron Source (WBNS), is available commercially. It is intended for use ip 
research laboratories where especially high neutron fluxes are not required. 
average flux in regular operation is 2 X 10’ thermal neutrons/(cm?) (sec) anc 
the power is about 1 watt. 


Hererogenrous EnricHep URANIUM-ORDINARY WATER TyYPH 


12.24. The Materials Testing Reactor (MTR) was the first reactor designed to 
employ solid enriched uranium fuel elements with ordinary water as modera or 
but, as will be seen below, it was not the first to go into operation. The M 
completed in 1952, was intended primarily for studying the effects of nuel 
radiations on materials required for reactor construction, It was desig: 
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therefore, to provide a higher neutron flux than any existing reactor. The fuel 
elements of the MTR consist of thin curved plates of an alloy of highly enriched 
uranium (~93 per cent uranium-235) with aluminum, clad on each side with 
aluminum to prevent escape of fission products and to protect the alloy from 
corrosion. The fuel plates are arranged parallel to one another, with the spaces 
between serving as channels for water which acts as both moderator and coolant. 
The core of the MTR contains only about 4 kg of uranium-235, but with forced 
convection cooling the reactor operates at 30,000 kw; the average thermal flux 
is then 2 X 10“ neutrons/(cm?) (sec). 

12.25. Prior to the completion of the MTR, a mock-up had been built at Oak 
Ridge National Laboratory in 1950, to test various features of the MTR design. 
This operated so successfully that it was retained, temporarily at least, with some 
modification, as the Low Intensity Test Reactor (LITR), operating at 3000 kw. 
Soon afterward, when a new shield testing facility was required at Oak Ridge 
National Laboratory, it was decided to use a reactor core, similar to that of the 
LITR, as the radiation source. This core is suspended in a large tank of water 
(20 X 40 X 20 ft deep), which is the moderator as well as the free-convection 
cooling medium. Because of this configuration, the reactor, which was com- 
pleted early in 1951 and originally referred to as the Bulk Shielding Reactor 
(BSR), is now often called the Swimming Pool Reactor. The same name has 
been applied to reactors of similar construction but having fuel plates of a some- 
what different design. The core of the reactor is only about 1 X 14 X 2 ft in 
size and contains 3.2 kg (or less) of uranium-235 as 90 per cent enriched material 
alloyed with aluminum. The active lattice can be surrounded on its four faces 
by a beryllium oxide (or other) reflector, if required. 

12.26. An important aspect of reactors of the Swimming Pool type is the fact 
that they can operate at powers up to 1000 kw, at least, using only free convection 
of the water in the tank (or pool) for cooling purposes; the average flux is then 
nearly 10" neutrons/(cm?)(sec). By circulating the water through an external 
heat exchanger, both power output and flux can be readily increased.* The 
design of the Swimming Pool reactor core (see § 13.70) is such that consid- 
erable flexibility in fuel loading and in the reflector is possible. Although 
the negative temperature coefficient is not so large as for the Water Boiler re- 
actor, it is nevertheless sufficient to insure safety in operation. Even a sudden 
moderate increase in reactivity, due to an accident, is not likely to have serious 
consequences, as has been shown by the Boiling Water Reactor experiments 
(§ 12.149). 


Comparison or SwimMiIna Poon ann Warnr Bortmr Reactors 


12.27. Like the Water Boiler, the Swimming Pool reactor has attracted much 
interest as an experimental device for university and research laboratories. 


* By making provision for dealing with the induced activity due to nitrogen-16 in the water, 
an operating power greater than 1000 lew ia possible with freeconvection cooling, 
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Since each of these two reactor types has its proponents, some of the advantages 
and disadvantages of each will be reviewed here.* Because of the instability 
resulting from the presence of hydrogen and oxygen gas bubbles, due mainly to 
decomposition of the water by fission fragments, the power level of the Water 
Boiler is possibly limited, even with forced cooling, to 50 kw and the thermal 
flux to an average of about 10” neutrons/(cm?)(sec).{ There is also the possi- 
bility that, at high powers (and normal temperatures), some of the uranium may 
be precipitated as peroxide, due to the increase in concentration of hydrogen 
peroxide (§ 8.141), and thus affect the criticality. No such limitations apply 
to the Swimming Pool reactor, in which a flux of 10” neutrons/(cm?2)(sec) is 
common, using only natural convection for cooling. Radiation decomposition 
of the water is not important, since the fission products are held within the 
sandwich-plate type fuel elements. This avoids the necessity for a well-shielded 
recombining system (§ 8.148), such as is required for the Water Boiler. ‘ 

12.28. One of the advantages claimed for the Swimming Pool reactor is its 
flexibility. The core can be moved to various locations within the tank, and 
experimental facilities can be placed in the water surrounding the reactor. Thus, 
the Swimming Pool reactor lends itself particularly to shielding studies — whieh 
was its original purpose — whereas the Water Boiler, in its usual form, does not, 
However, there would appear to be no serious objections to mounting a Water 
Boiler in a large tank of water, instead of using the solid moderator, reflector, 
and shield hitherto employed. 

12.29. In certain respects the Water Boiler presents:a more severe radiation 
hazard than does the Swimming Pool reactor; this is because the radioactivity 
of the fuel solution, due to the accumulation of fission products during operation, 
is much greater than that induced in the pool water by neutron capture. A 
leak of the fuel solution from the Water Boiler, although not very probable, 
could have serious consequences. Similarly, there is a possibility that radid«= 
active gases, e.g., xenon and krypton, might escape from the gas-recombiner 
system. On the other hand, it is believed that the Water Boiler is less likely to 
go out of control than a reactor of the Swimming Pool type. 

12.30. If the cost of the fuel were a consideration, the advantage would lie 
with the Water Boiler. This reactor requires less than 1 kg of uranium-285 
for satisfactory operation. Itis probable that a plate-type system could be madé 
critical with the same amount of uranium-235, but, with present designs, the 
benefits of the Swimming Pool reactor can be realized only if 2 to 3 kg of uraniume 
235 are available. Another point in favor of the Water Boiler is that, since the 
fuel is in solution, there are no fuel elements requiring special fabrication, 

* Complete reactor installations of both types are available commercially. Any approved 
university or research institution can operate a reactor facility, provided certain conditi 
required by the Atomic Energy Commission can be met. The A.E.C. will then lend 
uranium-235 fuel without cost (cf. T. H. Johnson, Report AIMCU-2900, p. 3). 


{ In one commercial proposal, a maximum power of 200 to 400 kw is claimed as the result 
a cooling system of special design (Chem. Hing. News, 32, 8002 (1954)), 
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Processing of the spent fuel is also greatly simplified. However, as long as the 
Atomic Energy Commission is prepared to fabricate and lend fuel elements to 
approved institutions without charge, these matters are not significant to the 
operators of the reactor. 


OTHER RESEARCH REACTORS 


12.31. There are a few research reactors which do not belong in any of the 
main categories considered above. One of these is the (NAA) homogeneous 
graphite reactor designed by North American Aviation, Inc.* The core consists 
of graphite blocks through which enriched uranium oxide (U;0s) is uniformly 
dispersed; the coolant is heavy water. The normal operating level is 160 kw 
and the average thermal flux is 102 neutrons/(cm’)(sec). At this power the core 
should last more than 20,000 hours before reloading is necessary. Because of 
the larger volume of the core, as compared with the Water Boiler and Swimming 
Pool reactors, more experimental facilities can be provided. One of the prime 
considerations in the NAA design is safety in operation. 

12.32. A very compact and relatively inexpensive reactor, which can be used 
for neutron absorption measurements (§ 13.106), as well as a neutron source, is 
the Thermal Test Reactor (TTR) of the Knolls Atomic Power Laboratory. 
The fissionable material is enriched uranium and several substances, e.g., poly- 
ethylene, hydrocarbon oil, and water, act as moderators. The TTR is unusual in 
the respect that the ‘‘core’’ fits into a cylindrical annular space. An internal 
reflector provides a valuable experimental medium. The power level of the re- 
actor, which has no special cooling, is 0.1 kw and the maximum thermal flux is 
3.4 X 10° neutrons/(cm?) (sec). 

12.33. In all the experimental reactors reviewed so far, the fissions are pro- 
duced mainly by thermal neutrons. The first, and for several years the only, 
reactor wherein the fission chain was maintained by fast neutrons was the Los 
Alamos Fast Reactor, which went into operation late in 1946 and was dis- 
mantled in 1953. The fuel consisted of relatively pure plutonium rods cooled 
by liquid mercury; no elements of small mass number, which would slow down 
the neutrons, were present. The operating power level was 25 kw and the 
maximum fast flux was about 10!* neutrons/(cm?)(sec). The initial purpose 
of the Fast Reactor was to provide information relating to fast-neutron prop- 
erties to be used in weapons development. However, data were obtained 
which could be applied in the design of other fast-neutron reactors, such as 
the EBR. 


SUMMARY 


12.34. For reference purposes the general characteristics of experimental and 
research reactors, for which data are available, are summarized in Table 12.1. 


"A, M, Stelle, Proc, Conf. on Nucl. Eng, Borkeloy, 1058, A156; Selonce, 119, 15 (1054), 
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TABLE 12.1. SUMMARY OF EXPERIMENTAL REACTORS* 


Natural Uranium-Graphite Type 


Uranium Graphite Power Level Av. Thermal Flux 
Designation (tons) (tons) (kw) neutrons/(cm?) (sec) 
CP-1 40 385 = _ 
CP-2 45 472 2 3 X 108 
X-10 54 620 3800 5 X 10" 
BNL 60 700 28,000 3 X 10% 
GLEEP 33 505 100 3 X 10” 
BEPO 40 ~600 6000 10” 


Natural Uranium-Heavy Water Type 


Uranium Heavy Water Power Level Av. Thermal Flux 

Designation (tons) (tons) (kw) neutrons/(cm?) (sec) 
CP-3f 3 6.5 300 5 X 104 
ZEEP — _— 0.0035 5 X 108 
NRX 10.5 17 30,000 2 X.1018 
ZOE ~3 ~5 5 2 X 10% 
Saclay (P-2) ~3 ~6 1000 5 X 10% 
JEEP t ~2.5 7 300 102 





t The Swedish reactor is similar to CP-3 and JEEP in many respects. 


Enriched Uranium-Heavy Water Type 





Uranium-235 Heavy Water Power Level Av. Thermal Flux 





Designation (pounds) (kg) (tons) (kw) neutrons/(cm?) ( 
CP-3’ 9 4.1 7 300 2 X 10% 
CP-5 2.6 1.2 6.5 1000 















Water Boiler Type 
SS a OO 
Uranium-235 | Solution Volume} Power Level Av. Thermal Flux 


Designation (pounds) (kg) (gallons) (kw) neutrons/(cm?)(#@0) 
pte rane ee _ 
LOPO 1.3 0.59 34 <0.001 ~10° 
HYPO 19 0.87 3} 6 10" 
SUPO 1.9 0.87 34 45 10" 
RRR (NCSR) 1.9 0.87 3} 10 2 X 10" 
WBNS 1.9 0.87 34 0.001 2x 10’ 






* Data obtained mainly from H. 8. Isbin, Nucleonics, 10, No. 8, 10 (1952); 11, No, 
(1953); J. A. Lane, ibid., 12, No. 4, 12 (1954); Report ABCU-2900, p. ni 
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12.36] 
TABLE 12.1. SUMMARY OF EXPERIMENTAL REACTORS (continued) 
MTR and Swimming Pool Types 
; Uranium-235 Core Volume Power Level Av. Thermal Flux 
Designation (pounds) (kg) (ft?) (kw) neutrons/(cm?) (sec) 
MTR 9 4.1 ~5 30,000 2 xX 10" 
LITR 6.5 3 ~5 3000 2X 108 
BSRt 6 ~3 2-3 100 5 xX 10" 





t These figures apply generally to reactors of the Swimming Pool type. 
Other Thermal Types 





Uranium-235 Core Volume Power Level Av. Thermal Flux 

Designation (pounds) (kg) (ft?) (kw) neutrons/(cm?) (sec) 
NAA 7 3.2 _— 160 ~10” 
TTR 6 2.7 ~3.6 0.1 ~10° 





The average thermal fluxes quoted usually refer to values in the moderator or in 
experimental holes; the thermal fluxes in the fuel are invariably lower. It should 
be noted that in all thermal reactors there is an appreciable fast-neutron (>0.1 
Mev) flux, amounting to one tenth to one half of the thermal flux. The fast 
flux is always higher in the fuel than in the moderator. 


PRODUCTION REACTORS OR CONVERTERS 


PuRpPOsE OF PRODUCTION REACTORS 


12.35. Ina production reactor, fertile material, e.g., uranium-238, is converted 
into a fissionable material, e.g., plutonium-239, at the expense of another fission- 
able-Species, e.g., uranium-235, without necessarily attempting to recover any 
appreciable amount of the energy liberated at the same time. Thus, in the 
Hanford production reactors, the only application being considered is for heat- 
ing buildings. However, the energy used in this manner actually represents 
only a small proportion of the total released in fission of the uranium-235. 
Consequently the production reactors in operation at the present time are 
wasteful from the long-range standpoint of the utilization of nuclear energy. 

12.36. As mentioned in Chapter I, reactors for the production of plutonium 
owe their existence to the use of this material in weapons. Assuming that this is 
sufficient justification for such reactors, some consideration may be given to the 
general problem of their design. The basic requirement of a production reactor 
is that neutron losses, by parasitic capture in moderator, coolant, structure, ete., 
and by escape from the system, be kept at a minimum, so that the conversion 
ratio ($1,151) be as large as possible, According to equation (1,151.1), the 
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maximum value of the conversion ratio, C, if there were no loss of neutrons, 
would be 7 — 1, where 7 is the number of fission neutrons produced for each 
neutron absorbed in the fissionable material. If the latter is uranium-235, the 
maximum value of C is thus 1.1, since 7 is 2.1 (Table 1.7). However, this argu- 
ment does not take into account the gain in the number of neutrons due to the 
fast-fission effect (§ 3.131). The maximum possible conversion ratio is thus 
ne — 1, where ¢ is the fast-fission factor in the given system. The relationship 
between the conversion ratio and the nuclear and other characteristics of the 
reactor can be derived as follows. The result is applicable to all cases, not 
merely production reactors, in which conversion (or regeneration) occurs. 


Tue Inrrian Conversion Ratio 


12.37. Consider a fuel consisting of uranium-235 and uranium-238 only. For 
each thermal neutron causing fission in uranium-235, there will be 1 + a neu- 
trons captured by the uranium-235, where a is the ratio of nonfission captures to 
fissions in this nuclear species (§ 1.105). At the same time, (1 + a) Do3g/Logy 
neutrons will be captured by uranium-238, with the ultimate formation of the 
same number of plutonium nuclei. Writing r for the isotopic ratio Nos/Noy 
(cf. § 1.108), this number may be expressed as (1 + «)0238/ro03s, Where og and 
0235 are the absorption (nonfission + fission) cross sections of uranium-238 and 
uranium-235, respectively, for thermal neutrons. 

12.38. As a result of the fission capture of a thermal neutron by uranium-235, 
referred to above, v fast neutrons will be liberated, and they will produce ve fast 
neutrons, where « is the fast-fission factor. As these neutrons slow down to the 
uranium-238 resonance region, some will leak out from the reactor, and the non« 
leakage probability is given by e~””, where B? is the buckling of the reactor and 
7 is the Fermi age of the resonance neutrons (cf. § 3.120). The number of 
neutrons reaching the uranium-238 resonance region is thus vee". If p ig 
the resonance escape probability, the number of resonance neutrons captured 
by uranium-238 is then ve(1 — p)e~", and this is the number of plutonium-239 
nuclei that will ultimately be formed. 

12.39. The foregoing results may thus be summarized as follows: 


Number of plutonium-239 nuclei formed as 


= (1 + a) oe 
a result of capture of thermal neutrons T0235 
Number of plutonium-239 nuclei formed as —B 

= vel — p)e”” 


a result of capture of resonance neutrons 
Number of uranium-235 nuclei destroyed = 1 + a. 


Since the conversion ratio is the ratio of the total number of fissiona 


(plutonium-239) nuclei formed to the number (of uranium-235) destroyed, 
follows that 
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(1 + a) O28 ve(1 — p)e—3* 





10935 
Ce l+a 
a OM el = per (12.39.1) 


10235 


where 1235, equal to v/(1 + @), is the number of fission neutrons released per 
neutron absorbed in the uranium-235 (§ 1.105). It should be mentioned that 
the conversion ratio calculated here is for a fuel consisting of uranium-235 and 
uranium-238 only; it is consequently referred to as the ‘‘initial conversion ratio.” 
As operation of the reactor proceeds, fissions occur in plutonium-239, as well 
as in uranium-235, and neutron capture in the resonance region is not restricted 
to uranium-238. The conversion ratio thus tends to decrease. 


Example Suppose that in a natural uranium-graphite reactor p is 0.905 and ¢ is 1.03, 
calculate the expected initial conversion ratio of uranium-235 to plutonium-239. 

In a reactor of this type, B? is about 10-4 cm (see example following § 3.190); the age 
of thermal neutrons is about 400 cm?, and the value for resonance neutrons may be esti- 
mated to be roughly 300 cm?, so that B?r is approximately 3 X 10°. The nonleakage 
factor e— 8’ is thus close to 0.97. For uranium-235, 7 is 2.1 and the cross sections 6235 
and os are 650 barns and 2.80 barns, respectively; for natural uranium 7 is 0.00717, and 
so, from equation (12.39.1), 


_ 2.80 
~~ (0.00717) (650) 
= 0.60 + 0.20 = 0.80. 


C + (2.1)(1.03)(1 — 0.905) (0.97) 


GENERAL DESIGN CONSIDERATIONS 


12.40. It may be seen from equation (12.39.1) that, for a given fuel, the first 
term on the right is constant; a large conversion ratio can thus be achieved by 
an increase in the fast-fission factor, a decrease in the resonance escape prob- 
ability, and an increase in the nonleakage probability. In reactors based on 
natural uranium as the fuel and graphite as moderator there is little scope for 
changes in e and = that will result in an increase in the conversion ratio. As 
seen in § 3.180, the maximum value of the infinite multiplication factor for 
natural uranium-graphite is only about 1.065, and so there is not very much 
that can be done in the way of design changes in order to increase the initial 
conversion ratio appreciably above 0.8. 

12.41. With heavy water as moderator and natural-uranium metal as fuel, the 
infinite multiplication factor can be as large as 1.25. In this case an appreciable 
decrease in the resonance escape probability is permissible without making the 
infinite multiplication factor so close to unity that the reactor becomes imprac- 
tically large. The conversion ratio in a natural uranium-heavy water system 
can thus be made larger than when graphite is the moderator, with the same 
(or smaller) fuel inventory. 
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12.42. Another possibility, irrespective of the nature of the moderator, is to 
increase the infinite multiplication factor by a slight enrichment of the uranium- 
235 content of the fuel. Although an increase in the isotopic ratio, r, will 
cause some decrease in the conversion ratio, due to the decrease in the first 
term on the right of equation (12.39.1), this can be more than offset by the 
decrease in the resonance escape probability while still maintaining the multi- 
plication factor in excess of unity. With slightly enriched fuel it is possible to 
use ordinary water as moderator, and by suitable arrangement of the fuel ele- 
ments very high values of the fast-fission factor, together with a low resonance 
escape probability, can be realized, thus leading to large conversion ratios, 
Whether the use of enriched fuel is worth while depends upon the value of the 
additional plutonium produced as compared with that of the uranium-235 re- 
quired for enrichment, on the one hand, and upon the saving that may be 
realized by using ordinary water as moderator, on the other hand. Another — 
factor which must be taken into consideration is the size of the reactor. With 
slightly enriched uranium as fuel and ordinary water as moderator, it is possible 
to build reactors of moderate size, thereby decreasing constructional costs. 


WATER-COOLED PRopuctTion REACTORS 


12.43. It is well known that in the Hanford production reactors the moderator 
is graphite and the coolant is ordinary water, with natural uranium as fuel.” 
The infinite multiplication factor in these reactors cannot be much greater than 
unity, at best, and the fuel-moderator arrangement is, of necessity, such as to 
give a fairly high value, e.g., 0.9, of the resonance escape probability. The 
attainment of a larger conversion ratio, approaching unity, is therefore nob 
possible. Some improvement in the conversion ratio may be expected in the 
Savannah River reactors, which use heavy water as the moderator. An ideal 
design, for a heavy-water moderated production reactor, would involve cooling 
the fuel by circulating the moderator through a heat exchanger, as in the 
CP-3’, CP-5, and similar reactors, so that there is no ordinary water within the 
core. Although this would mean an appreciable increase (probably 15 to 2h 
per cent) in the total amount of heavy water required, there would be a gain 
in the conversion ratio. 

12.44. If ordinary water is the internal coolant in a reactor in which essentially 
all the neutron moderation occurs either in heavy water or in graphite, the system 
may have an element of instability, which might possibly constitute a hazard. 
This is characteristic of any thermal reactor employing an internal (essentially 
nonmoderating) coolant that is a better neutron absorber than the moderator, 
If the flow of coolant should stop and its temperature rise, e.g., to the point 
where vapor is produced and the coolant is ejected, the rate of neutron capture 


*H. D, Smyth, “Atomic Energy for Military Purpose,’ U, 8, Government Pri (Tee, 
1945, §§$ 7.15 to 7.18, i oot PRA 
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will decrease, due partly to the decrease in density and partly to the decrease 
in capture cross section. Thus, additional neutrons may be available in the 
reactor core and the system may become supercritical. This can result in 
excessive local temperatures and damage to the reactor. 

12.45. The chances of an accident can be largely obviated by associating a 
scram signal with the coolant water flow, so that the reactor is rapidly shut down 
when there is a notable decrease in the flow rate (cf. Table 6.4).* Nevertheless, 
it was the possibility of a mishap that led to the choice of air or carbon dioxide, 
rather than water, as coolant in the British plutonium production and power 
reactors (§ 8.230). The increased cost of pumping is repaid, to some extent, 
by the decreased neutron absorption. 

12.46. It should be emphasized that the possibly hazardous situation con- 
sidered above, when using ordinary water as reactor coolant, can arise only 
when the design is such that relatively little moderation of the neutrons occurs 
in the water. By the use of slightly enriched uranium as fuel it is possible to 
construct a reactor in which a fair proportion (or all) of the neutrons are slowed 
down in the water coolant while the others are moderated in graphite or heavy 
water. The reactivity of such a system would not be increased by a cessation 
in the flow of coolant. 


POWER REACTORS 


Mosite REAcTORS 


12.47. Reactors for power production may be considered in two main cate~- 
gories, although there are cases of overlap as well as of different types within 
each group. The two classes are (1) mobile reactors for use in aircraft, sub- 
marines, surface ships, etc., and (2) stationary reactors for central-station, 
electrical power plants. Possessing some of the characteristics of both is a 
transportable reactor, capable of being readily assembled from parts which can 
be carried by air, and intended for stationary installation at a remote location, 
e.g., a military base. 

12.48. The chief requirement of a mobile reactor, especially for propulsion of 
an aircraft or submarine, is that it should be relatively small and not excessively 
heavy. This means that the fuel must be appreciably enriched in fissionable 
material; its composition may be expected to approach pure uranium-235 or 
plutonium-239. The high cost of the fuel will not be very significant, in view 
of the advantages to be gained from the ability to operate for long periods with- 
out refueling. 

12.49. With enriched fuel, there is considerable scope in choice of moderator 
and coolant. Water can act in both capacities simultaneously, and although 


"Tn all reactors operating at appreciable powers, there must be provision for removal of 
the heat liberated by radionctive decay of the fimion producte after shutedown (§ 2,180), 
Otherwise, there is a pormbility that the reactor may be danaged, 
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it has disadvantages, as will be seen shortly (cf. also § 8.234), it was chosen for 
the Submarine Thermal Reactor (STR), installed in the U.S.S. Nautilus. To 
attain the high temperatures necessary for satisfactory thermodynamic efficiency 
of the steam turbines, the water in the reactor must be under considerable pres- 
sure, so that a strong (and heavy) pressure vessel is required. In any event, 
assuming suitable materials to be available, the operating temperature is limited 
to something considerably below the critical value for water (705°F). 

12.50. In order to obtain steam at high temperatures without having the re- 

actor under pressure, the Submarine Intermediate Reactor (SIR), for the U.S.S. 
Sea Wolf, employs liquid sodium as coolant and beryllium as moderator. The 
relative amounts of beryllium and fissionable material are such that a large 
proportion of the fissions are caused by neutrons with energy in excess of the 
thermal value, i.e., in the “intermediate” energy range. 
_12.51. The Army Package Power Reactor* (APPR), for installation at a re- 
mote base where fuel costs are extremely high, is to be mobile in the sense that 
all the components can be carried in an aircraft. The heat-power level of the 
reactor is to be 10,000 kw and the electrical output 1700 kw. Refueling will take 
place at intervals of 12 months; it can be readily calculated that for continuous 
operation during this period the consumptior. of fissionable material will be 
about 3.6 kg, or roughly 8 Ib. 

12.52. The provisional specifications indicate that the fuel elements will con= 
sist of highly enriched uranium clad in stainless steel, and that water under & 
pressure of 1200 psi will be both moderator and coolant. A 2-in. thick “thermal 
shield,” made of stainless steel, will be located between the reactor core and 
the walls of the pressure vessel, in order to reduce the thermal stress in the latter 
by absorbing gamma radiations from the core (see example following § 11.97), 

12.53. The water will enter the pressure vessel at 432°F and will leave ab 
450°F. Circulation of this water through a heat exchanger (steam generator) 
will produce saturated steam at about 380°F and 200 psia. The over-all effi« 
ciency for electrical power production is expected to be about 17 per cent, bub 
the net efficiency will be less because of pumping requirements. 


CENTRAL-STATION PowER REACTORS 


12.54. In the design of a reactor for central-station power, economic conside 
erations, which are not as significant as size for mobile reactors for military 
purposes, become of prime importance. Although there are now no strict limitie 
tions on size or weight, excessive size would undoubtedly prove to be uneconoms 
ical because of the cost of the shield, reactor building, and pressure vessel (if 
used), to say nothing of the large fuel inventory that would be required. Many 
stationary power plants of the near future will probably use slightly enri 
uranium, e.g., containing 1.2 to 2.0 per cent uranium-235, as fuel. In 
way, reactors of reasonable size will be possible. Which moderator or coo 

* Nucleonics, 12, No. 8, 76 (1954); 12, No, 10, 22 (1954); 13, No, 5, 24 (1955), 
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fuel-moderator system, or method of heat removal will prove best is still an 
open question, and it is the purpose of the reactor experiments now under way 
to help supply a possible answer. The arguments for and against some of the 
design variables will be discussed below. 

12.55. One aspect of the experimental program is the construction of the full- 
scale (60,000-kw) electrical power plant at Shippingport, Pa. (see § 1.37), using 
a reactor of 264,000 kw to supply the necessary heat. The reactor, called the 
Pressurized Water Reactor (PWR), will use slightly enriched fuel and water at 
about 2000 psi as moderator and coolant (for further details, see § 13.80). Al- 
though it is generally believed that this plant as designed will not produce 
electrical power that is competitive with the lowest cost coal-fired plants, the 
particular system was chosen largely because of the technological experience 
with water-cooled and -moderated reactors, e.g., the STR and MTR. It is 
expected that operation of the PWR and its associated equipment will provide 
information which will contribute to the ultimate design of economic nuclear 
power plants. 


DUAL-PURPOSE PLANTS 


12.56. There has been some interest in recent years in dual-purpose plants, 
mentioned in Chapter I, designed to produce both nuclear power and plutonium 
for weapons.* Actually, any reactor which contains uranium-238 will be a 
converter, in the sense that some plutonium-239 will be produced. Normally, 
however, the plutonium would remain in the reactor and would contribute to 
the fissions. Eventually, if conditions, e.g., the total amount of fissionable 
material present, accumulation of fission products, and mechanical stability of 
the fuel elements, permitted, the amount of plutonium-239 present would attain 
a limiting (or equilibrium) value, as noted in § 2.205.’ The plutonium would 
then be consumed, mainly by neutron capture and fission (and to a very minor 
extent by radioactive decay), as fast as it was formed from uranium-238. In 
the processing of the spent fuel elements the residual plutonium would, of course, 
be recovered, but it would probably be too impure for use in weapons, due to 
the presence of higher isotopes of plutonium. 

12.57. In a dual-purpose reactor it would be necessary to remove the fuel 
elements and extract the plutonium long before their usefulness in the reactor, 
from the standpoint of energy production, had ceased. The limit thereby set 
upon the extent of reactor operation before refueling might affect the design. 
In the dual-purpose reactor, the emphasis would be on ease of insertion and 
removal of fuel elements, as well as on simplicity of processing. Further, the 
reactor design chosen to give a high conversion ratio would not necessarily be 
the same as that for maximum efficiency for power production. In a power-only 


"Tor discussions of the relative merits of singles and dual-purpose nuclear power planta, 
sce C, Starr, Nucleonioa, 11, No, 1, 62 (1958); C, A, Hochwalt and P, N, Powers, ibid,, 11, 
No, 2, 10 (1058); G, L, Weil, ¢bid,, 11, No, 4, 12 (1968); KK, Cohen, ibid., 11, No, 5, 10 (1068), 
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system, on the other hand, long life of the fuel elements would be a prime con- 
sideration. 

12.58. There is little doubt that electric power from a dual-purpose nuclear 
plant would be more expensive than from a power-only reactor, and the former 
could be justified only if weapons-grade plutonium could be sold at a premium 
price.* It appears that the production reactors at present in operation or under 
construction, at Hanford and Savannah River, can supply all the present re- 
quirements of the United States for this material. f 

12.59. It may be noted that, although a power-breeder is, in a sense, a dual- 
purpose reactor, it differs in some respects from a reactor which is designed to 
produce plutonium-239 from natural-uranium fuel. It will be seen in due course 
that in most cases power-breeder reactors will be designed as two-region reactors; 
that is to say, the core, in which most of the energy is produced, will be separate 
from the breeding region. Thus, processing of the blanket can be made inde- 
pendent of the operation of the core. 


Maximum Operating Power 


12.60. In the subsequent sections it will be assumed that the reactor under 
consideration is intended for power production and the design variables of such 
a system will be discussed. The first decision to be made is concerned with the 
maximum operating (or heat) power level. For mobile or transportable reactors, 
this may range from 10,000 kilowatts, i.e., 10 megawatts (10 Mw), as for the 
APPR, to about 300 Mw, yielding some 100,000 shaft horsepower, for the pro- 
pulsion of a large ship. For a central-station power plant, the heat output of 
the reactor might range from 100 to 2000 Mw, corresponding to an electrical 
capability, at full load, of perhaps 20,000 to 500,000 kw. This is, roughly, the 
operating range of conventional electric-power plants at the present time, al- 
though a few have outputs above 1000 Mw. 

12.61. The power level decided upon is the maximum rate of heat production 
for which the reactor is designed to operate continuously for a long period, with- 
out the risk of damage to the components or danger to personnel. Operation 
below the maximum power is, of course, always possible by suitable adjustment 
of the particular heat-removal system embodied in the reactor design. It should 
be mentioned that, although the maximum power level is more or less fixed in 
advance, it may be increased somewhat as the operation proceeds. For exam- 
ple, a change in the permissible temperature, due to improvements in the fuel 
elements, may perhaps make possible a more efficient or less expensive heat, 
exchanger (boiler) for steam production or turbogenerator system for electricity, 

* It is reported that the first British i i 
type. It will be a natural isatiacnesene Tonctot Soaled Sp OatBOd Siiclde toa 
(see Atomics, 5; 174, 275 (1954)). It should be pointed out, however, that the average 
of electric power in the United Kingdom is appreciably greater than in the United Sta 


and the plutonium-production facilities are less extensive, 
{ From speech by T. E, Murray, summarized in Nucleonics, 12, No, 10, 77 (1964), 
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THE NUCLEAR SYSTEM 


Neutron Enereay Spectrum In REAcTORS 


12.62. The purpose of the reactor and its maximum power output, treated 
above, are, in some respects, related to the nuclear system. The present section, 
however, will deal more specifically with nuclear matters, such as neutron energy, 
components of the reactor (fuel, moderator, and reflector materials), methods 
of control, stability, and criticality. 

12.63. The design of the nuclear system and the neutron-energy spectrum in 
the reactor, i.e., the neutron-energy region in which most of the fissions occur, 
are interdependent. In general, the energy regions are described broadly as 
fast, intermediate, and thermal, and one of these must be selected as a first step. 
Each energy range has its advantages and disadvantages, as will be seen below. 


Fast REACTORS 


12.64. The outstanding argument for fast reactors, in which most of the 
fissions are produced by neutrons of energy in excess of about 0.1 Mev, is that 
parasitic capture and nonfission absorption of neutrons by the fuel are much 
less significant than at thermal energies. High conversion ratios (or breeding 
gains) are thus possible, as mentioned in Chapter I. Without such breeding 
(or efficient conversion), the future of the nuclear-power industry would appear 
to be somewhat limited. It is true that breeding of uranium-233, from tho- 
rium-232, is expected to prove possible with neutrons in the thermal-energy 
range, but the world supply of economically recoverable thorium is believed to 
be much less extensive than that of uranium (§ 1.5). 

12.65. The small values of the absorption cross sections of most elements for 
fast neutrons and the high concentration of fissionable material in the core 
make possible a wider choice of constructional and cladding materials in a fast 
reactor. The designer is no longer restricted to using aluminum or zirconium 
to minimize neutron losses and to achieve a large conversion ratio. Stainless 
steel and other alloys possessing good mechanical properties and resistance to 
corrosion and erosion can now be employed without seriously affecting the neu- 
tron economy. However, the coolant must be restricted to one that does not 
cause appreciable slowing down of the fast neutrons. Exposure to neutrons of 
high energy may cause severe radiation damage to certain constructional ma- 
terials, thus precluding their use. 

12.66. Fission-product poisoning in a fast reactor is also less significant than 
in a thermal reactor, because of the smaller cross sections; consequently, if the 
effects of radiation permit, a greater degree of burn-up of the fuel elements may 
perhaps be possible. In any event, the practical limitation to the neutron flux, 
due to the xenon poisoning effect (see Chapter IV), does not apply to a fast 


reactor, 
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12.67. Among the drawbacks of fast reactors appear to be their high fuel 
inventory and small size. In order to avoid appreciable slowing down of the 
neutrons, in both inelastic and elastic collisions, it is necessary that the fuel in a 
fast reactor contain a large proportion of fissionable material. Further, be- 
cause of the much smaller fission cross section, the critical mass is larger for 
fast than for slow reactors. There is thus an unfortunate combination of 
circumstances in which there will be a demand for fissionable material, for the 
cores of breeder reactors, in the earlier stages of the nuclear industry, when such 
material is in short supply. 

12.68. Due to the absence of a moderator and of other materials of low mass 
number, the core of a fast reactor is usually small; thus, in the Los Alamos fast 
reactor, the plutonium core, including coolant channels, was a cylinder about 
6 in. in diameter and 6 in. high, and the core of the EBR has been described as 
being “as big as a football” (§ 1.9). The small size means a small heat-transfer 
area, so that removal of large amounts of heat by a coolant is difficult. The 
situation can be greatly improved by using fuel elements consisting of 80 per 
cent or so of fertile material, e.g., uranium-238 or thorium-232, and the re-— 
mainder of a fissionable species. Nevertheless, the actual power (or specific 
power) of a fast reactor is limited by the possible heat removal from a structure _ 
of fairly small dimensions. Because of the moderating effect of water, either 
ordinary or heavy, it is necessary that a liquid metal or other nonmoderating 
coolant be used for a fast reactor. 

12.69. It is believed that the maximum specific power so far attained in a 
fast reactor is about 50 kw/kg of fissionable material, although there are pros- 
pects for larger values, e.g., 500 to 1500 kw/kg in EBR-2. A high specific power 
is desirable for two reasons, at least; first, to minimize the fuel investment charge 
per kw-hr of electricity and, second, to decrease the doubling time in a breeder 
reactor (§ 1.157). : 


INTERMEDIATE REACTORS 


12.70. If an attempt is made to increase the rate of heat removal from a fast 
reactor by introducing more coolant, the size of the core will be increased and 
some slowing down of the neutrons will be inevitable. This could be com 
pensated, to some extent, by adding more fissionable material, which might be 
necessary, in any event, to maintain criticality, but then there would be no gain 
in the specific power. As an alternative, the reactor might be operated in the 
intermediate neutron-energy region. Whether this is worthwhile or not will 
depend on the variation of capture and fission cross sections and, hence, of the 
breeding gain with neutron energy. If many of the advantages of a fast reactor 
are lost, there would appear to be no special merit to an intermediate reactor, 

12.71. Only one intermediate reactor, the SIR referred to in § 12.50, is in the 
active planning or construction stage. Since some beryllium is used as moderae 
tor, although not sufficient to thermalize most of the neutrons, it must be pre« 
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sumed that fissions are caused mainly by neutrons in the low-intermediate range, 
i.e., nearer to thermal than to fission energies. The critical mass of fissionable 
material in such a reactor would probably be less than in a fast reactor, because 
of the increase in the fission cross section, so that it could be designed to have a 
higher specific power. Values of 2000 kw/kg or more, approaching those con- 
sidered possible for slightly enriched thermal reactors, are believed to be attain- 
able with intermediate reactors. However, the intermediate reactor would have 
the advantage in respect to fission-product poisoning. If the neutron-energy 
range were moderately high, it could be above that at which xenon-135 is a 
significant poison. The problems of neutron-flux limitation and xenon override 
would thereby be eliminated. 

12.72. Until some experience is gained in the operation of an intermediate 
reactor, it is not possible to state categorically whether or not it is superior toa 
thermal reactor for power production. Although breeding may prove feasible in 
the intermediate neutron-energy range, it is doubtful whether the breeding gain 
would be as large as for a fast reactor. The future of the intermediate reactor 
is thus in doubt and the results of the operation of the SIR will be awaited 
with interest. 


THERMAL REACTORS 


12.73. Apart from the requirements of neutron economy, there are fewer re- 
strictions upon the design of a thermal power-reactor than on the types discussed 
above. Any form of fuel, from natural uranium to relatively pure fissionable 
material, can be used, in principle, and the ratio of fissionable nuclei to those of 
the moderator can often be varied considerably (cf. Fig. 3.13). This permits a 
wide range of sizes, and very small or very large thermal reactors are possible. 
The increased size facilitates total heat removal, and specific powers as large as 
4000 kw/kg or more are attainable, when the fuel is highly enriched material.* 
When slightly enriched or natural uranium is the fuel, the specific power may be 
2000 kw or less per kg of fissionable material; but the cost of a given mass of 
uranium-235 in the unseparated (in slightly enriched or natural uranium) form 
is much less than when separated. In addition the conversion of uranium-238 
to fissionable plutonium-239 which occurs in a natural uranium (or moderately 
enriched) thermal reactor contributes to the over-all economy. ; 

12.74. Some disadvantages, e.g., increased cost of shielding, buildings, etc., 
are associated with the larger size of thermal reactors, although the increase in 
size is not significant for reactors employing highly enriched fuel. In any event, 
the larger size greatly simplifies many of the auxiliary aspects of reactor design, 
such as coolant entry and exit ducts, mechanism for moving control rods, instru- 
mentation, ete. 


*The MTR, with a power of 30,000 kw has about 4 kg of uranium-235 in ite core; ita specific 
power is thus close to 7600 kw/kg of uranium-285, 
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12.75. Provided the reactivity is well below the prompt-critical value (§ 4.46), 
there should be no essential difference between the ease of control of thermal, 
intermediate, or fast reactors. The effective neutron lifetime in the reactor is 
then determined by the delayed neutrons. But if, due to accidental circum- 
stances, the reactor should “run away,” and the reactivity should increase be- 
yond prompt critical, the chances of effective automatic corrective action being 
taken are greater with a thermal reactor than with the other types. This is 
because the prompt-neutron lifetime in a thermal reactor is 10-4 to 10 sec, 
but in a fast reactor it is only 10~ sec or less. It should be recalled (Table 2.10), 
too, that the fraction of delayed neutrons is less for plutonium-239 than for 
uranium-235; hence, in a fast reactor using plutonium as fuel, e.g., a fast breeder- 
reactor, the prompt-critical reactivity will be attained more easily than in one 
in which uranium-235 is the fuel. 

12.76. Perhaps the outstanding drawback to high-flux, thermal reactors igs 
the limitation set by xenon poisoning and the ability to start up again after a 
short shut-down. It is true this problem can be partially overcome by building 
excess reactivity, in the form of additional fuel, into the reactor, or by refueling 
after a shut-down, but these procedures may be uneconomic (see § 6.34). Ans 
other solution, to be examined more fully later, is to employ a liquid fuel system, 
so that portions can be “bled” off continuously for removal of fission products." 

12.77. Although the situation may change as more experience is obtained in 
reactor operation, it appears that, at the present time, most designers favor 
thermal reactors for both mobile and central-station power production. Only 
when breeding of plutonium-239 is an important desideratum might fast reactors 
be preferred. 


REACTOR COMPONENTS 


Narurat-URANIuM REACTORS 


12.78. The reactor components to be reviewed here are primarily the 
moderator, and reflector. Some preliminary consideration will also be given 
the nature of the coolant, since this is related to the choice of the other ¢ 
ponents. 

12.79. The fuel for a thermal reactor can be natural uranium or uranium 
any degree of enrichment in uranium-235. Even depleted uranium, i.e., with: 
less than the normal proportion of uranium-235, could be utilized, to a limi 
extent, in special cases. Plutonium-239, either in the relatively pure state or | 
combination with a fertile material, could be used as fuel. No thermal roag 
design based on plutonium as fuel has yet been considered seriously in the Unite 
States, but ultimately reactors of this type should receive attention. Simi 


* It is probable that many power reactors, not using highly enriched fuel, will o 
thermal fluxes:appreciably less than 10 neutrons/(em®)(sec), The xenon poisoning 
will then not be serious, : 
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the fissionable material could be uranium-233 when sufficient quantities of this 
isotope are available. 

12.80. The choice of moderator is partly dependent upon the composition of 
the fuel. If the latter is natural uranium, ordinary water cannot be used as 
moderator. Even if a critical system of natural uranium and water could be 
attained, which is by no means certain, it would be too large to be of any practical 
value.* From the nuclear standpoint, the best moderator for use with natural 
uranium fuel is heavy water, since it requires the smallest fuel inventory and 
permits a critical reactor of moderate size. For example, a system with about 
2.5 tons of natural uranium, in the form of long rods, and 6.5 tons (1500 gal) 
of commercial heavy water can become critical and support a fission chain re- 
action. This could be attained in a cylindrical tank about 6 ft in diameter and 
9 ft high. Even allowing for additional fuel and moderator, required at high 
temperature for criticality and for heat removal, the dimensions would not be 
unreasonable for a pressurized system, such as is necessary to realize tempera- 
tures that would give an acceptable thermodynamic efficiency. In order to 
economize in the total amount of the expensive heavy water required, graphite 
could be used as reflector, with some increase in the core size. Beryllium and 
beryllium oxide are excellent reflectors, but the installed cost would probably 
be as large as that of the heavy water saved. 

12.81. Another argument in favor of heavy water as moderator, with natural 
uranium as fuel, is that a higher conversion ratio is possible than with other 
moderators (see § 12.43). Asa result, the ‘“burn-up,”’ defined as the proportion 
(or percentage) of the total fuelf that is consumed before the reactor must be 
shut down for recharging, can be larger when heavy water is the moderator, 
provided, of course, that radiation damage to the fuel elements is not a limiting 
factor. The decrease in frequency of replacing and processing the fuel elements 
would be an important contribution to economical power production. «Further, 
the relatively long thermal-neutron lifetime in heavy water (see Table 3.6), due 
to its small capture cross section, is advantageous. The reactor period for 
fairly large reactivities is longer than for other moderators and so heavy-water 
reactors are safer (cf. § 4.38). 

12.82. There is no doubt that if heavy water were available at a reasonable 
cost, e.g., about $20 per lb instead of the quoted commercial price of $80 per lb, 
natural uranium-heavy water reactors would be of greater interest for power 
production.{ The investment in heavy water is increased some 15 to 25 per cent, 


* Cf. R. Persson, Nucleonics, 12, No, 10, 26 (1954). 

t In defining ‘‘burn-up,” the term “‘fuel’”’ is used in the general sense referred to in § 1.91, 
ie., including any fertile material that may be present. 

{ The design and economics of a power reactor of this type have been considered by the 
Nuclear Power Group, consisting of American Gas and Electric Service Corp., Bechtel Corp., 
Commonwealth Edison Co., Pacific Gas and Electric Oo,, and Union Wlectric Co, of Missouri; 
soo Nucleonics, 12, No. 7, 60 (1064); 12, No. 10, 67 (1954); aluo 'T, G, LeClair, Atomic Industrial 
Forum Report, July 1054, p, 58, 
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because of the volume held in the external heat exchanger, if, as is highly de- 
sirable, this liquid also serves as the coolant. It has been suggested that some 
reduction in cost could be achieved by using ordinary water as coolant, but this 
may lead to the introduction of an undesirable element of instability into the 
reactor (see § 12.44), as well as to an increased loss of neutrons. A more prac- 
tical solution might prove to be a boiling heavy-water reactor; the amount of 
the moderator-coolant outside the reactor would then be a smaller proportion 
of the total. 
12.83. Other materials that can be used as moderators in natural-uranium _ 
reactors are beryllium, beryllium oxide or carbide, and graphite. Because of the 
quantity of material required (50 to 100 tons for the core and somewhat more 
for the reflector), it is uncertain whether either beryllium metal or any of its 
compounds, which are relatively costly to produce and fabricate (see Chapter 
VIII), will find extensive application in natural-uranium systems in the near 
future. This leaves graphite as the only remaining immediate practical possi« 
bility.* However, as seen earlier, a natural uranium-graphite reactor is ine 
evitably large — a minimum volume, excluding the reflector, being about 8000 ft! 
—and this introduces some difficulties in the design of a reactor for power 
production. I 
12.84. For high-temperature operation, such as is essential for a power reactor, 
the probable coolants for a natural uranium-graphite system are (1) a gas at high 
pressure, (2) pressurized water (ordinary or heavy), or (3) a liquid metal. f Some 
of the disadvantages of a gaseous coolant have been mentioned in Chapter VII 
and reference will be made here to the special problems associated with po 
reactors. The use of a gas as coolant would require either a pressure Vv 
large enough to contain the reactor core or pressurization only of the coo 
channels surrounding the fuel elements. Each of these alternatives would 
volve difficult, but not insuperable, constructional problems. The design for 
helium-cooled, graphite-moderated, natural uranium, dual-purpose reactor 
included in the initial proposals made by one of the industrial groups refe 
to in § 1.23, but it was subsequently discarded (cf. § 8.232). As far as nuel 
reactor designers in the United States are concerned, the general conse 
appears to be that gas cooling is not one of the most promising paths to 
attainment of economic nuclear power. The British (Calder Hall) power 
actors, with natural uranium as fuel, are to be cooled by carbon dioxide gas, 
this choice was determined partly, at least, by safety considerations and p 
because of experience with the air-cooled (Windscale) production reactors, 
12.85. If either ordinary or heavy water were the coolant, it would also 
necessary to have a pressurized system and the mechanical difficulties would 


*Some designers are of the opinion that before long beryllium or beryllium oxide 
able to compete economically with graphite as moderator in power reactors, 5 
+ Another possibility would be an organic compound or mixture (see § 8.255), 
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similar to those with a gaseous coolant. With ordinary water as coolant, and 
another material as moderator, the loss of neutrons by capture in the water would 
require that the reactor core be even larger than indicated above. 

12.86. The difficulties associated with a pressurized coolant could be avoided 
by using a liquid metal. Sodium or NaK may not be suitable for natural-ura- 
nium reactors because of their relatively large capture cross sections for thermal 
neutrons, but either the lead-bismuth or the lead-magnesium eutectic alloys (see 
Table 8.18) might be possible. However, relatively little is yet known about 
the technology of these materials at high temperatures. It is of interest to 
recall that cooling by molten bismuth was given serious consideration when the 
Hanford production reactors were being designed. Although this coolant ap- 
pears to be very promising from the standpoint of utilizing the heat liberated in 
the reactors, it was realized that solution of the technological problems involved 
would require considerable research and development.* 


SuigHTLy ENRICHED URANIUM R#ACTORS 


12.87. By employing even slightly enriched uranium as fuel, the flexibility of 
the reactor system is very greatly increased. This is due to the significant in- 
crease in the multiplication factor resulting from a moderate increase in the 
uranium-235 content of the fuel. For example, if the uranium contains 1.2 per 
cent, instead of the normal 0.712 per cent, of the lighter (fissionable) isotope, it 
can be readily shown from equation (1.107.1) that 7 is increased from 1.3 to 
nearly 1.5. Further, enrichment of the fuel may be expected to cause some 
increase in the thermal utilization, for a given moderator, since a larger fraction 
of the thermal neutrons are captured in the fuel. Even if the resonance escape 
probability, the thermal utilization, and the fast-fission factor, remain essentially 
unchanged, an increase in the uranium-235 enrichment to 1.2 per cent will 
result in a 15 per cent increase, at least, in the infinite multiplication factor. 

12.88. The increase in the multiplication factor accompanying this relatively 
small enrichment of the fuel makes possible the design of a reactor with water as 
moderator and coolant. In a heterogeneous natural uranium-water system, an 
infinite multiplication factor of about 0.97 has been observed, so that with 
uranium enriched to 1.2 per cent as fuel, the value of this factor may be expected 
to be close to 1.15. Because of the small migration area of neutrons in ordinary 
water (see Table 3.5), it is possible with such a relatively high multiplication 
factor, to design a reactor of reasonable size, comparable with that for a natural 
uranium-heavy water system. The PWR, for example, which is to use slightly 
enriched uranium metal as fuel, and pressurized water as moderator and coolant, 


"TI. D. Smyth, op. cil., § 6.43. It now appears that, although the lead-bismuth eutectic 
has a higher cross section for neutron capture, it has better heat-transfer properties than bite 
muth alone, 
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is expected to contain somewhat more than 15 tons of fuel in the core, in a 
cylindrical arrangement about 6 ft in diameter and 7.5 ft high.* 

12.89. Whether an enriched uranium-water reactor for power production is 
economically sound or not depends to some extent (but not entirely) on the cost 
of uranium-235 relative to the savings resulting from the use of a cheap modera- 
tor and coolant. In this connection a reasonably good comparison is an enriched 
uranium-water reactor with one employing natural uranium as fuel and heavy 
water as moderator. To enrich uranium from the normal 0.712 per cent of 
uranium-235 to 1.2 per cent, for example, would require about 10 lb of this 
material per ton of uranium fuel. For a reactor containing 10 tons of fuel, the 
cost of the uranium-235, at $20 per gram,} would be about $900,000 per loading. 
The price of heavy water for a similar reactor, at $80 per lb, would be at least 
$3,000,000 so that, on the basis of about 10 per cent annual capital charges and 
5 per cent annual loss of heavy water, the costs would be comparable if the en- 
riched reactor had a fuel-cycle time of just over 2 years, i.e., the fuel would have 
to be completely replaced once every 2 years or so. 

12.90. Actually, the cost factors considered above are only part of the problem. 
For example, the value of the heavy water means that special precautions would 
have to be taken against leaks in pumps, pipes, etc., and this would require a 
more expensive plant. A clear-cut choice between ordinary- and heavy-water 
reactors for power purposes cannot yet be made. 

12.91. Another design, which requires the enrichment of the fuel, involves a 
heterogeneous uranium-graphite reactor with liquid sodium as the coolant. 
reactor of this type would be of moderate size, it would not need to be pressurized, 
and it could operate at appreciably higher temperatures, and give a better over= 
all thermal efficiency, than one using liquid water as coolant. The infinite 
multiplication factor of a system of 1.2 per cent enriched uranium with graphite 
as moderator, disregarding the coolant, could approach 1.25. Hence, there 
would be scope for cooling by liquid sodium, with its fairly large absorption cross 
section for neutrons, as well as for the use of stainless steel (or other resistant 
alloy) for cladding and structural purposes. A reactor of this type is the basin” 
of the Sodium Reactor Experiment (SRE) included in the A.E.C.’s Five-Year 


*C. H. Weaver, Atomic Industrial Forum Report, July 1954, p. 16; see also, Nucleonias, 
12, No. 7, 48 (1954). In the ‘Report on the Five-Year Power Reactor Development Progratm 
Proposed by the Atomic Energy Commission” (U. S. Government Printing Office, March 1954) 
it is stated that the fuel charge will consist of 15 to 20 tons of uranium containing 1.5 to 2 por 
cent of uranium-235. 

+ This figure for the cost of uranium-235 is frequently quoted in the open literature; mod 
for example, L. F. Hafstad, in the Joint Committee on Atomic Energy Report on “Atomlé 
Power and Private Enterprise,’ U. 8. Government Printing Office, 1952, p. 182; W. H. Zi 
Nucleonics, 10, No. 9, 8 (1952). If 13,000 Btu/Ib coal costs $7 per ton, the fuel value 
uranium-235, assuming complete fission, i.e., with an energy release of 3.6 * 10” Btu/Ib 
would be about $21 per gram, 
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Development Program.* It may be regarded as the first step toward the larger 
Sodium Graphite Reactor (SGR).f 

12.92. For a given reactor type, it may be possible to increase the conversion 
ratio by adjusting the uranium-235 enrichment and the proportion of fuel to 
moderator. It can be seen from equation (12.39.1) that this can be achieved by 
increasing e and decreasing :~, but to maintain criticality it may be necessary to 
increase the concentration of uranium-235. However, such a change would also 
mean an increase in r, which would have the opposite effect on the conversion 
ratio. By proper balancing of the enrichment and the ratio of fuel to moderator, 
the conversion ratio may be increased, within certain limits, and also perhaps the 
burn-up, assuming adequate radiation stability of the fuel elements. It should 
be noted that the possible burn-up depends upon a variety of other factors, 
including the number of neutrons produced by the fission of higher isotopes of 
the elements present in the fuel and the loss of neutrons due to capture by fission 
(and other) products formed during reactor operation. ft 


HiaHiy (oR MopERATELY) ENRICHED URANIUM REACTORS 


12.93. With the exception of breeders or efficient converters, the use of highly 
enriched fuel, either uranium-235, uranium-233, or plutonium-239, in reactors 
is wasteful from the long-range, nuclear energy point of view. Nevertheless, 
such material is employed in special cases, as mentioned earlier, where mobility 
or compactness, is a prime consideration. With highly enriched fuel, there is a 
relatively wide choice of neutron energy, moderator (if required), coolant, and 
structural materials, so that the scope of the reactor designer is less restricted. 
The best combination of fuel, moderator, and coolant for power production has 
not. been established; the promising possibilities, represented typically by the 
STR and SIR, respectively, are high-pressure water as moderator-coolant, and 
beryllium (or graphite) as moderator with liquid sodium as coolant. It must be 
admitted, however, that other systems, not yet tested, may ultimately prove to 
be preferable. 


Fiurip Furi Reactors 


12.94. Another approach to power-reactor design is the use of a fluid (instead 
of a solid) fuel. In this connection homogeneous aqueous solutions have been 
most extensively studied. The advantages (and disadvantages) of such sys- 
tems will be examined shortly, and for the present only general aspects of 


*C. Starr, Atomic Industrial Forum Report, July 1954, p. 11; see also, ref. to § 12.9, p. 12. 

+ See W. E. Parkins, Chem. Eng. Prog. Symposium Series, No. 13, 50, 53 (1954). A power 
reactor of the same type was also proposed by the Monsanto Chemical Co, and Union Electric 
Co, (see ref, to § 1,23); a study of favorable design values is given by I, M, Mabuce and K, A, 
Hub, Monsanto-Union Electric Atomic Electric Project, Report ALP No, 99, 

t For detailed treatments, see K. Bernstein, Proc, Conf, on Nucl, Lng, Berkeley, 10538, 
A-35;'T, M, Snyder, ¢bid,, O11, 
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the core composition will be reviewed. A solution of a uranium salt of normal 
enrichment cannot be made critical in ordinary water, but a chain reaction can 
be maintained in heavy water. The maximum infinite multiplication factor 
that can be realized, e.g., with a solution of (natural) uranyl fluoride in heavy 
water, is about 1.18. By suitable enrichment of the uranium salt a critical 
homogeneous system can also be attained in ordinary water. Such solutions are 
used in the various forms of the Water Boiler reactor and in the Homogeneous 
Reactor Experiment (HRE). For a homogeneous breeder reactor, the loss of 
neutrons by absorption in ordinary water could not be tolerated and heavy water 
would have to be used as moderator. 

12.95. In the HRE and in all recent forms of the Water Boiler, the fuel is 
initially highly enriched (90 per cent or more) in uranium-235. One reason is 
that this permits the use of a more dilute solution, i.e., one with a lower total 
concentration of uranium salts, which is less corrosive to certain metals. It 
should be recalled, however, that in the original (LOPO) form of the Los Alamos 
Water Boiler reactor, the fuel (uranyl nitrate solution) contained only 14.6 per 
cent of uranium-235 (§ 13.86). 

12.96. The foregoing discussion of fluid fuel systems has referred, in par=— 
ticular, to cases in which the fuel consists of a uranium salt dissolved in water. 
However, other types of homogeneous reactors have been considered. Most 
of these are either in the conceptual design or speculative stages and they will 
be described below (§ 12.139, e¢ seq.). 


PowER-BREEDER REACTORS 


12.97. Reactors which produce useful power and, at the same time, breed 
fissionable material are expected ultimately to play an important role in the 
world’s nuclear-power program. If plutonium-239 is to be bred from uraniums 
238, it may be necessary to employ fast reactors. As already seen, the core must 
then contain a high proportion of fissionable material, i.e., plutonium-239 in the 
present case. The conversion (or regeneration) process that results in breeding 
then takes place mainly in a blanket of natural (or depleted) uranium. 

12.98. The presence of elements of low mass number in the core must be 
avoided as far as possible. For this and other reasons (§ 12.126), liquid mele 
als are the most suitable coolants. In the EBR-1 the coolant is a sodium 
potassium alloy (NaK) of low melting point, but it is proposed to use sodium — 
alone in the EBR-2. Although the latter tends to slow down the neutrons more 
than NaK, its superior heat-transfer properties indicate that it may be preferable 
because of the problem of heat removal in a fast reactor. Heavy-metal coolants, 
such as lead-bismuth or lead-magnesium alloys, would have the advantage of 
not slowing down the neutrons, but they are less effective than sodium for hew 
transfer purposes. 

12.99. It may be noted that EBR-1 is not a true breeder, since it uses urani 
235 as fuel (see, however, § 13,121) while producing plutonium-239 in 
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“breeding” blanket. Its main purpose was to test the possibility of obtaining 
a conversion ratio of unity or more, and since a value of “at least unity’? was 
attained with uranium-235, breeding should certainly be possible with plu- 
tonium-239 as fuel, because the latter has a larger value of for fast neutrons. 
The EBR-2 will be a true breeder, for it is being designed so that in due course, 
if not at the outset, plutonium-239 will be used as the fissionable material. 

12.100. Breeding of uranium-233 from thorium-232 is possible, in principle, 
in both thermal and fast reactors. Although the breeding gain would be ex- 
pected to be larger in a fast reactor, the immediate interest is centered upon 
breeding in thermal reactors because of their other advantages (§ 12.73). Since 
there is no uranium-233 in nature, some of this fissionable isotope will have to be 
obtained by exposing thorium-232 to neutrons in existing reactors. Then, two 
different types of breeder design will be possible. 

12.101. The first is a ‘‘one-region”’ (reflected) reactor, with a aeration simi- 
lar to the uranium reactors using natural or slightly auiched material, in which 
the fuel is a suitable mixture of uranium-233 and thorium. In this reactor, in 
addition to the release of energy which will be utilized for power purposes, there 
will be a conversion of thorium-232 into uranium-233. When the fuel elements 
are removed, either because of the accumulation of fission products and fission- 
able material or because of radiation damage, and processed, the resulting ma- 
terial will contain more uranium-233 than was initially present. Since it is 
not necessary, for a one-region breeder reactor, to separate the uranium-233 
from the thorium, processing may be relatively simple, if methods can be de- 
veloped for the removal of the fission products only. 

12.102. The alternative is a “‘two-region”’ thermal (or fast) breeder, similar 
in principle to the fast breeder described above. In such a reactor, the core 
region would contain the fuel, having a high percentage of uranium-233 and a 
moderator; this would be surrounded by a breeding blanket of thorium-232, and 
a moderator. Separate chemical processing of the core and of the blanket 
would be necessary, and in the latter case the uranium-233 produced and the 
thorium-232 would have to be separated from one another and from fission 
products which will undoubtedly be present. However, the increased com- 
plexity of processing with the two-region, as compared with a one-region, thermal 
breeder will be compensated by the decrease in the frequency of processing the 
blanket. The latter need be processed only when the inventory of uranium-233 
becomes uneconomically large. 

12.103. An advantage of the two-region type of breeder is that it can be de- 
signed so as to have good neutron economy and moderate size. Since the fuel 
is highly enriched in uranium-233, the core can be made quite small, provided 
only that the heat removal requirements can be met. Apart from the advantage 
of moderate size, the total inventory of uranium-233 will probably be less than 
for a one-region breeder, ‘The Homogeneous Thorium Reactor (HTR), which 
is part of the A.1.0,’s Five Year Program, is to be of the two-region type, In 
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order to facilitate heat removal and chemical processing, the fuel will be dis- 
solved in a circulating solution. The solvent, acting also as moderator and, 
in a sense, as coolant, will be heavy water since there would be no breeding if 
ordinary water were used. 


SUMMARY 


12.104. In the accompanying Table 12.2 there are summarized the main com- 
ponents of power reactors which are expected to show development in the not_ 
too distant future. (The symbol S.S. represents stainless steel or other resistant 












TABLE 12.2. COMPONENTS OF POSSIBLE POWER REACTORS i 
Fuel Moderator Reflector Coolant Structure { 
Natural uranium D:O D:0, Be, BeO, C D.O Al, Zr i" 
Slightly enriched H.0, D:O H,0, D.0, ete. H,0, D.O Al, Zr, 8.8, 
uranium 
Be, BeO, C | Be, BeO, C Na, H.O Zr, 8.8., ete 
; 
Highly enriched H.O, D,O* | H2O, D20, ete. H.O Al, Zr, 8.8, 
uranium 
Be, BeO, C | Be, BeO, C Na Zr, S.8., 
Uranium-235 or None U-238 blanket, NaK, Na, other | S.S., ete, 
Plutonium-239t + Be, BeO, C liquid metal 
Uranium-233{ H.0, DO Th-232 blanket, H,0, D.O Al, Zr, 8 


+ D.0 


* Homogeneous or heterogeneous. 
t Fast breeder. 
t Homogeneous thermal breeder. 


alloys.) Of course, many other reasonable combinations of fuel, moderator, 
coolant are feasible, but they do not offer the same prospects for immedi 
success as those tabulated. As experience is gained, however, it is possible 
the situation may change. 


CRITICALITY AND RELATED PROBLEMS 


12.105. When the nature of the fuel and moderator have been decided u 
and a preliminary choice, at least, of coolant has been made," it is possible 
carry out preliminary criticality calculations. As seen in Chapter III, the 


* A more detailed analysis of the coolant problem will be given below in the seetion 
with the design of the heat-removal system, 
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cedure depends upon whether the fuel-moderator system is homogeneous or 
heterogeneous. With natural or slightly enriched uranium as fuel, the reactor 
will probably (though not necessarily) be heterogeneous, but with moderately or 
highly enriched fuel, a homogeneous system is possible. In small reactors con- 
taining highly enriched fuel, especially with ordinary water as moderator, the 
fuel elements generally have a high ratio of area to volume and, in addition, are 
close together. As far as the criticality calculations are concerned, such reactors, 
although strictly heterogeneous, can be treated as homogeneous. Consequently 
they are sometimes referred to as quasihomogeneous. 

12.106. For homogeneous thermal reactors there is a particular ratio of fuel 
to moderator which gives a critical system with a minimum mass of fissionable 
material (cf. Fig. 3.14). Similarly, there is a particular size and arrangement of 
fuel elements which give a maximum multiplication factor in a heterogeneous 
reactor. In a power reactor, it is very unlikely that these optimum design con- 
ditions, from the nuclear standpoint, will permit removal of heat at the rate 
required by the stipulated power of the reactor. It is necessary, therefore, to 
calculate the critical dimensions (and masses) of the fuel-moderator system for a 
variety of conditions; among the variables to be considered are the nature and 
quantity of coolant, if it is not the same as the moderator, and its effect on 
the thermal utilization. 

12.107. At the same time as the criticality studies are being made, the thermal 
problems of the reactor will be investigated. Coolant temperatures and coolant 
velocity, and related quantities must be chosen to provide efficient operating 
conditions, and from these the required heat-transfer area of the fuel elements 
can be estimated. The information so obtained must then be correlated with 
the results of the criticality calculations and a compromise made which will 
provide a satisfactory balance among such economic variables as fuel inventory, 
reactor size, pumping power requirements, over-all thermal efficiency, etc. 

12.108. While theoretical calculations can provide a general guide to core de- 
sign, there are so many factors, not all of which are completely understood, to be 
taken into consideration that the conclusions must be subjected to experimental 
test. Useful preliminary information can be obtained by means of subcritical 
assemblies or exponential experiments, as described in § 3.191, but for the final 
design stages a critical assembly (or mock-up) of zero power is invaluable.* This 
is a flexible nuclear mock-up of the reactor core and reflector which can be 
rapidly rebuilt with different arrangements of fuel, moderator, etc. The critical 
assembly operates at virtually zero power, but the distribution of neutron flux 
(and of the heat generation) is essentially the same as that in the system at 
higher power. Some shielding for the assembly is necessary, because the neutron 
flux must be high enough to be measurable, but the radioactivity after shut- 
down is so small as to permit work being done on the assembly with little delay, 
Although it may not be convenient to introduce the actual coolant into a eritioal 

* See report on speech by L. R. Hafatad in Nucleoniow, 12, No, 10, 66 (1064), 
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assembly, its effects can sometimes be simulated with a solid material having — 
almost the same scattering and absorption cross sections. 

12.109. By means of such an experimental arrangement, data can be obtained 
concerning the effect on the critical mass, on the flux (and heat) distribution, 
and on the temperature coefficient of reactivity, of varying the size, design, and — 
spacing of the fuel elements. The location of control rods and mode of operation 
which produces the most effective control with least distortion of the neutron — 
flux in the reactor, and the best location for instruments, can also be studied. 









Excrss (Bumtt-1In) REACTIVITY 


12.110. In addition to the bare requirements of criticality a reactor must have 
additional fuel included to allow for the decrease of reactivity due to such effects” 
as increase of temperature when operating,* fuel depletion, fission-product 
poisoning, etc., as described in Chapter VI. For a reactor having almost pure — 
fissionable material as fuel, there is no conversion or regeneration, so that the 
additional reactivity is obtained by merely summing the contributions for the 
various effects mentioned, as in Table 6.1. 

12.111. If the reactor core contains some fertile material, so that conversion 
to fissionable material occurs during reactor operation, the additional reactivity 
is less than would otherwise be the case. Allowance has to be made for temper= 
ature and poisons, but the contribution for fuel depletion will be decreased. It 
will largely depend upon the conversion ratio in the given reactor and upon the 
expected maximum useful life of the fuel elements. If the average conversion 
ratio is unity (or more), during the lifetime of the fuel elements, no additional 
fuel is needed in the reactor to allow for depletion. 

12.112. Since, however, a solid-fuel reactor must contain excess fuel at 
start-up, control rods must be inserted to compensate for the additional read« 
tivity, the rods being gradually withdrawn as the fuel is consumed.+ ‘The 
absorption of neutrons by the control rods is wasteful, and eventually a method 
should be found for absorbing these neutrons in a productive manner. In addi« 
tion, the presence of a strongly absorbing rod in the reactor causes a considerablé 
distortion of neutron flux (and of the power output). This is very undesirable 
from the standpoint of reactor design, since it can lead to high temperatures at 
certain locations. 

12.113. One way in which the difficulty can be partially overcome is to includé 
a uniformly distributed (“shim’’) poison throughout the reactor, e.g., in the mod« 
erator or coolant. The poison captures neutrons and is thereby consumed during 
operation of the reactor; consequently the effectiveness of the added poison 
steadily decreases as the fission-product poisons accumulate and the fuel is 


* Certain reactors using ordinary water as essentially nonmoderating coolant, which have — 
the undesirable characteristic of a positive temperature coefficient of reactivity upon lows of 
water, are exceptional in this respect. j 

+ If the fuel is in solution, this situation can be avoided, since additional fuel can be added 
as required during reactor operation, 
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consumed. As a result, largely automatic compensation of the decreased re- 
activity is provided with the minimum use of control rods. 


THE HEAT-REMOVAL SYSTEM 


Design LIMITATIONS 


12.114. In considering the heat-removal aspect of a reactor, it is necessary to 
bear in mind certain limitations upon the design imposed mainly by such factors 
as temperature, thermal stresses, and corrosion and erosion. For example, there 
are definite limits set upon the temperature in the interior of the fuel element, 
the surface temperature of the cladding, as well as upon the temperature of the 
coolant. In addition, the possibility of a limitation upon the rate of flow of 
the coolant, e.g., due to pressure drop through the reactor or to erosion, will have 
an important influence on the problem of heat removal. The limitations re- 
viewed below are applicable, in particular, to reactors with solid fuel elements 
and a nonboiling liquid coolant; reference to reactors of other types will be made 
later. 

12.115. The maximum permissible interior temperature of the fuel element is 
determined by the possibility of phase changes. With uranium metal, for in- 
stance, it is generally considered desirable to keep the temperature below 662°C 
(1224°F), because of the alpha-beta phase transition (Table 8.2), accompanied 
by dimensional changes, which occurs at this temperature. In any case, even 
if this were not important, it would probably be desirable to keep the temper- 
ature below the melting point of 1133°C (2072°F). The limitation upon the 
temperature in the interior of the fuel element could perhaps be avoided by 
having the uranium in the form of a refractory compound, such as the carbide 
or an oxide. 

12.116. The maximum surface temperature of the fuel-element cladding de- 
pends upon the nature of both the cladding material and the coolant. There 
is always the danger of corrosion (and erosion) of the cladding by a liquid 
coolant and this may increase with temperature. The maximum permissible 
temperature is, therefore, chosen as that at which the attack is tolerable. An- 
other requirement is that the surface temperature should be below the satura- 
tion temperature of the coolant, e.g., water, at the existing pressure, in order 
to prevent local boiling. The maximum surface temperature may also be re- 
lated to the temperature in the interior by the allowable thermal stresses in the 
fuel element, especially where large temperature fluctuations may occur or 
brittle material is present. 

12.117. The surface temperature will, of course, have some influence on the 
maximum coolant temperature, but, in addition, factors external to the reactor 
core may have to be considered in connection with the latter, ‘The coolant 
temperature must be such that there will be no vapor binding of pumps, and no 
appreciable corrosion of vessels, piping, or other external equipment, Murther, 
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the over-all change in temperature of the coolant between inlet and exit from 
the reactor may be limited by thermal stresses or distortions which may develop 
in the interior of the reactor, particularly during sudden changes in power level. 

12.118. The flow of coolant, either water or liquid metal, at high velocity 
(and high temperature) is likely to cause erosion of fuel-element cladding in the 
reactor core, as well as of the tubes in the heat exchanger. However, it seems 
that, as a general rule, the flow rate of the coolant in the reactor is limited by the 
pressure drop, which increases according to the square of the velocity (§ 11.152), — 
As a rough, order-of-magnitude indication it may be taken that the maximum 
flow rate for water at 450 to 550°F and for liquid sodium at 900 to 1000°F is 
about 25 to 35 ft/sec. 


CHOICE OF COOLANT 


12.119. Several aspects of the relationship between the properties of various” 
coolants and reactor characteristics have been discussed in Chapter VIII, and 
also in previous sections of this chapter. In the present section the treatment 
of coolants will refer more particularly to their influence on the thermal as 
of reactor design.* 


Gaseous Coolants 


12.120. The most suitable gaseous coolants (for nuclear and safety reasons) 
appear to be helium and carbon dioxide, and neither of these reacts with metals 
at the temperatures likely to be encountered in a reactor system.t The desi 
limitations upon the fuel-element surface temperature and upon the maxim) 
temperature of the coolant, referred to above, imposed by considerations 
corrosion and erosion, therefore, are less significant for gas-cooled reactors. 





cool GAS | peactor |_,HOT GAS 
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Ws WWW 
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Fig. 12.1 Closed-cycle gas turbine 


* Cf. F. E. Crever and T. Trocki, lec, Hng., 73, 381 (1954). 
+ Carbon dioxide reacts with graphite at high temperatures, so that direct contact bet 
these materials may have to be prevented, 
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addition, the problems associated with boiling of the coolant do not arise. The 
removal of these design limitations permits the attainment of higher temper- 
atures than are feasible with a liquid coolant so that, in principle, higher thermal 
efficiency is possible. 

12.121. In spite of the many advantages associated with gaseous coolants, it 
is felt that, largely because of their small volumetric heat capacities, such 
coolants are not suited to economic nuclear power production through con- 
ventional steam-electric plants. However, it is possible that a generating sys- 


‘tem, using a closed-cycle gas turbine, which lends itself to simple and compact 


design, might prove of interest. The basic outline of such a nuclear power plant 
is indicated in Fig. 12.1. The heated (compressed) gas passes from the reactor 
directly to a turbogenerator and then, after further cooling, to a compressor. 
Part of the power produced in the turbine is tapped off to compress the cooled 
gas before it is returned to the reactor.* 

12.122. A special application of gaseous cooling of a reactor is the possible 
propulsion of an aircraft by means of a turbojet.{ This could involve either 
an open-cycle gas turbine with air as the working fluid or a closed-cycle system 
with air as the secondary coolant. In the open-cycle system (Fig. 12.2) air is 
drawn in from the surroundings and is forced by the compressor through the 
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Fig. 12.2 Open-cycle turbojet with air as primary coolant 


reactor where it is heated. The hot, compressed air then undergoes partial 
expansion in the turbine, to provide power for the compressor, and is expelled 
as a jet which may be used for propulsive purposes. 

12.123. In a closed-cycle turbojet system the compressed air which produces 
the thrust is not heated directly by the reactor, but in a heat exchanger 
(Fig. 12.3). The primary coolant in the closed primary circuit can be a gas 
with good heat-transfer characteristics or, preferably, a suitable liquid. The 


“See L., A. Ohlinger, Nucleonics, 6, No. 8, 46 (1950); O, J, Woodruff, W. J, McShane, 
and W. J. Purcell, ibid., 11, No. 6, 33 (1953); also, EB, A, Sheehan and A.O, White, Report 
R53GL186, 

tL. A, Ohlinger, loc, eit; C, Goodman (d,), “The Science and Engineering of Nuoloar 
Power,”’ Vol, II, Addison-Wesley Prows, Ino,, 1949,-Chaptor 17 (by O, Goodman), 
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advantage of the closed-cycle system is that the primary coolant can be chosen 
as the one most suitable for the reactor, and then the heat exchanger can be 
designed independently to provide the most efficient transfer of heat to the 


compressed air. 
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Fia. 12.3 Closed-cycle turbojet with air as secondary coolant 


Liquid Coolants 


12.124. It will be evident from the discussion in Chapter VIII that there is no 
ideal liquid, reactor coolant and, of the substances described, it is generally 
agreed that for thermal reactors the choice at the present time lies between ordi« 
nary water and liquid sodium. As seen above, these coolants are not in 
changeable, for the nature of the coolant often determines the characteris 
of the reactor system and vice versa (see Table 12.2). 

12.125. Both water and liquid sodium have good heat-transfer properties 
that there is relatively little to choose between them in this respect. The m 
advantage of water is its low cost, availability, and familiar technology; on th 
other hand, in order to attain temperatures, e.g., 500°F, at which reasonable 
thermal efficiencies can be realized, pressures of at least 1000 psi must be used, 
Further, the corrosive character of liquid water increases with temperature, 

12.126. As sodium has a very high boiling point (1620°F), it can be circulated 
through the reactor at moderate pressures at temperatures of 1000°F or more, 
This is offset by the special handling equipment necessitated by the chemical 
reactivity of sodium with both air and water, and by its moderately high melting 
point (208°F). It must also be remembered that, as a result of passageifhrough 
the reactor, considerable radioactivity is induced in the sodium, so that extensl 
shielding or a secondary cooling system is necessary. Water also acquires se 
activity, primarily due to the formation of nitrogen-16, but this has ab 
life of only 7.3 sec, so that a short period of hold-up will permit extensive dee 
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12.127. In Table 12.3 there is given a comparison of the thermal characteristics 
of nuclear power plants using water and sodium cooling, respectively.* Al- 
though there will inevitably be some variations, the data presented may be 
regarded as being fairly typical. It is expected that, owing to the higher thermal 
efficiency possible with sodium as coolant, the cost per kw of electrical capacity 
of the non-nuclear portion of the plant, i.e., the steam boiler and turbogenerator, 
will be somewhat less than when water is used. In both cases, however, the cost 
may exceed that of modern conventional power plants, because the latter 
generally have more favorable steam conditions at the turbine throttle. 


TABLE 12.3. THERMAL CHARACTERISTICS OF 
TYPICAL NUCLEAR POWER PLANTS 


Coolant 
Conditions ‘ Water Sodium 

Inlet temperature, °F. .........- 0. ee eee eee 400 600 
Outlet temperature, °F.......... 06.0 seen eee 500 900 
Pressure, pSia... 12... e eee eee eee eee 1000 50-80 
Turbine throttle: 

Steam temperature, °F.............02005- 370 750 

Steam pressure, pSia.......--.. 2000s eee 175 485 
Thermal efficiency, %......--..+s:e eee eens 24 30 
Flow rate, lb/hr per kw.... 2.0.2.0 +. esse ee 200 100 
Non-nuclear plant, estimated cost, $/kw..... 130 110 


12.128. To compensate for the expected lower cost of the power-generating 
system with a sodium-cooled reactor, allowance must be made for the cost of 
the special precautions which are required. The system must be leakproof and 
all surfaces must be blanketed with an inert gas to prevent fires. If, in spite of 
all precautions, access of oxygen cannot be completely prevented, an elaborate 
purification system is necessary to remove sodium oxide and other impurities. 
In addition, pipes, tanks, etc., must have heaters to prevent the liquid metal 
from solidifying when the reactor is shut down, and adequate shielding must be 
provided. Against this, allowance must be made for the cost of the pressure 
vessels required for a water-cooled reactor. 

12.129. It will be evident from the foregoing discussion why there are no 
overwhelming arguments in favor of either water or sodium as coolant for a 
thermal reactor. With the experience that will be gained from reactor experi- 
ments during the next few years, a clear choice may become possible. In this 
connection, it should be noted that if boiling-water reactors prove to be suc- 
cessful they will provide a third contender for power production (see § 12.149). 

* J, A. Lane, Nucleonics, 12, No, 6, 12 (1954). "iy 

{ For reviews of engineering aspects of liquid-metal heat transfer, seo 'T, Trocki, et al. 


Nucleonics, 10, No. 1, 28 (1052); Mech, Bng., 75, 472 (1953); Roport ALCU 2755; alao, Ry D, 
Brooks and A, L, Rosenblatt, Meoh, 2ng:, 78, 868 (1953), | 
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Meruop or Heat REMovAL 


12.130. There are three general methods for removing heat from a reactor to 
be utilized for power purposes;* these are (1) use of an internal coolant, i.e., the 
coolant passes through the reactor, (2) circulating liquid fuel cooled externally, 
i.e., outside the reactor, and (3) boiling liquid, e.g., water, in the reactor. The 
selection of the method of heat removal is bound up, to some extent, with the 
choice of heterogeneous or homogeneous arrangement of fuel and moderator, — 
External cooling of a circulating liquid fuel, for example, is possible only for a— 
homogeneous fluid system,} although the other forms of heat removal can be 
adapted to either heterogeneous or homogeneous reactors. , Unless heavy water 
is employed, the only liquid now considered for a boiling reactor is water and this 
means that the fuel must be enriched uranium. The same would be true for & 
homogeneous reactor with water as the fluid medium. Considerations such 
these, must, of course, be borne in mind, when selecting the heat-removal p 
cedure. 

12.131. Internal cooling of the core by passage of a coolant through it h 
been used in nearly all reactors so far constructed or under construction. Acti 
ally, two types of internal cooling may be distinguished: (1) the coolant, e.g., alll 

-or other gas (X-10, BNL, Windscale, Saclay reactors), water (NRX, Hanfordy 
Water Boiler reactors), or liquid metal (EBR, SIR, SRE), is not a required 
nuclear component; (2) the coolant is identical with the liquid moderator, which 
may be either ordinary water (STR, MTR, PWR) or heavy water (CP-3 and 

similar reactors, CP-3’, CP-5). The latter method of internal cooling is to lj 
preferred, because, in the first place, construction is simplified; and second, siné 
it does not involve the introduction of extraneous material, it is advantage 
as far as neutron economy is concerned. However, it requires an increase in the 
quantity of moderator, part of which is always outside the reactor, and this will 
be economically significant if heavy water is used. 


CIRCULATING FUELS: AQUEOUS SOLUTIONS 


12.132. The circulating (homogeneous) fuel reactor, with external cooli 
appears to be attractive from other viewpoints in addition to that of h 
removal. In internally cooled reactors, there is often a conflict between 
heat-removal requirements and the optimum criticality conditions, as explai 
earlier. With external cooling of the fuel solution, no such difficulty arises, sine 
the heat-removal and the nuclear systems are essentially independent. There 
is now no necessity for compromise and the external heat exchanger is made 
efficient as possible, regardless of other circumstances. The power output 6 
the reactor is determined by the rate of heat transfer in the heat exchanger, 


* Cooling by natural (free) convection is not included, since it could be used for pe 
reactors only in special cases of boiling systems or for low power outputs, { 
+ The moderator may be the fluid medium, as in the HRE, or it may be a solid, e.g., graphil 
as in the LMFR (see § 12.141), 
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that it is possible to design simple and compact reactors of high specific power. 
Further, there is less restriction upon the choice of secondary coolant; as it does 
not enter the reactor, a material which absorbs neutrons readily can be used 
if its thermal properties are desirable. As a general rule, the actual coolant _ 
will be the water in a steam generator in which heat is removed from the fuel 
solution. 

12.133. Among other advantages of a circulating homogeneous fuel are elimi- 
nation of radiation damage to fuel elements and of the accompanying limitation 
upon fuel burn-up. There is some decomposition of water by radiation, but 
this does not seriously affect operation of the reactor at sufficiently high tem- 
peratures and pressures (§ 8.141). Before the HRE was operated it was feared 
that nuclear instability might result from the liberation of hydrogen and oxygen 
gas bubbles in the fuel solution, but this has been found not to be the case at, 
the power densities attained hitherto. 

12.134. Processing of the fuel is simplified, since the uranium is already in 
solution, and metallurgical operations and fabrication of fuel elements are un- 
necessary. By withdrawing quantities of fuel solution from time to time for 
removal of fission products (and of plutonium-239 or uranium-233, if required) 
and replacing it with fresh material, essentially continuous operation is possible, 
without the need for shutting down to discharge (unload) and recharge (load) 
the reactor. Additional fuel can also be added to compensate for that con- 
sumed during operation. 

12.135. One of the outstanding attributes of a homogeneous fuel reactor, 
especially when either ordinary or heavy water is the liquid medium, is the ease 
of control. The change in density of the solution with temperature leads 
to a sensitive negative temperature coefficient, which makes the reactor self- 
stabilizing. The HRE, for example, has been found to function satisfactorily 
without the use of regulating rods (§ 13.102). Any increase in external power 
demand is accompanied by a decrease in the temperature of the fuel solution 
returning to the reactor. There is then a very rapid response in an increase of 
reactivity. As the heat-release rate in the reactor approaches the external de- 
mand the reactivity falls until the effective multiplication factor is unity and the 
power output is steady. Shim control rods are also unnecessary, for the reactor 
can be started up and shut down, gradually, by changing the concentration of 
the fuel solution. It was thought at one time that circulating-fuel reactors 
might prove difficult to control because some of the delayed neutrons are 
emitted outside the reactor, but this fear has proved groundless. 

12.136. As with many other aspects of reactor design, there are drawbacks to 
weigh against the advantages of circulating-fuel reactors. Perhaps the most 
outstanding of these are the possibility of leakage of the fuel solution and the 
problems of corrosion and erosion, Some aqueous solutions of uranium salts, 
especially at high temperature, readily attack many metals that would normally 
be used for pipes, pumps, heat exchangers, ete, The fact that the solutions 
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become highly radioactive during reactor operation and are under high pressure — 
adds greatly to the operational hazards. The fuel solution leaving the reactor 
is no longer critical, but it continues to emit delayed neutrons, in addition to 
beta and gamma radiation, so that radioactivity may be induced in the heat 
exchanger and coolant. Adequate shielding of the heat exchanger is necessary 
and maintenance requires special care. 

12.137. The decomposition of ordinary or heavy water by radiation will pro- 
duce a considerable quantity of hydrogen (or deuterium) and oxygen gases during 
operation of the reactor, namely, about 10 ft?/min (at 8.T.P.) per megawatt of 
reactor power (§ 8.184). Apart from the danger of explosion of the gas mixture, 
against which special precautions must be taken, it is possible that the gas 
bubbles may cause instability of the reactor at high power densities, although, — 
as stated above, no such instability has been observed during operation of the 
HRE. 

12.138. The HRE, which is described more fully in § 13.98, e¢ seq., was de- 
signed as an experiment on a moderate scale (1000 kw) to determine whether the 
advantages of a circulating-fuel reactor could be realized and the drawbacks 
overcome. The results have been so encouraging that HRE-2 (or HRT), which 
is to have a heat output of 5000 kw, is to form part of the A.E.C.’s Five-Year 
Program. The primary purpose of this experiment is to develop a simple, 
mechanically satisfactory plant which will demonstrate the operability and relie 
ability of a reactor having a circulating aqueous fuel solution under conditions 
simulating full-scale operation. The HRE-2 (or HRT) is to be followed by & 
further step-up in power to the 65,000-kw output of the Homogeneous Thorium 
(Breeder) Reactor (HTR). Both of these reactors will have associated chemical 
plants for processing of the fuel solutions, thus permitting an estimate to 
made of the over-all cost of power production. 


AQUEOUS SLURRIES AS CIRCULATING FUEL 


12.139. An interesting possibility for obtaining a fluid fuel system that has 
high concentration of uranium yet is not so corrosive is to use a slurry or 
pension of an insoluble compound, such as an oxide, in either ordinary or heay 
water. Although a uniform slurry is heterogeneous in the strict physical se 
it will behave as a homogeneous fuel in a reactor. Consequently, if ordina 
water is the medium, an enriched fuel would be essential; with heavy water, 
however, uranium of normal isotopic composition would be adequate, although 
some. enrichment might be beneficial. 

12.140. Among the predicted advantages of a slurry are greater chemical and 
radiation stability than a solution and, possibly, a decrease in corrosive acti 
On the other hand, if the suspended particles are abrasive, they may cw 
mechanical wear, i.e., erosion, in a dynamic system. The chief question a 
in connection with the feasibility of using a slurry as circulating fuel for a 
is the maintenance of the suspension in a uniform state by preventing settling 
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coagulation of the suspended particles, especially when the circulation is stopped. 
There are various ways in which this may be achieved. For example, the 
settling of suspensions of uranium oxides in water may be inhibited (or pre- 
vented) if the medium is made slightly alkaline, i.e., if the pH exceeds 7.* 
Alternatively, since the particles will probably remain suspended while the 
slurry is being circulated, all that it is really necessary is to be able to redisperse 
them, e.g., mechanically, if they have settled out while the reactor is shut down. 


Nonaqueous Fiuip FvuEts 


12.141. In order to obtain reasonable thermal efficiency, a reactor using an 
aqueous slurry as fuel must, like other power reactors containing ordinary or 
heavy water, be operated at high pressures. An extensive study has therefore 
been made of a graphite-moderated Liquid Metal Fuel Reactor (LMFR) which’ 
can be adapted to either internal or external cooling.t The medium is liquid 
bismuth which dissolves uranium metal to the extent of about 0.5 per cent at 
500°C (932°F) ; this is regarded as being more than ample for the attainment of 
criticality in an enriched-fuel reactor with graphite as moderator. The solu- 
bility of uranium in bismuth increases with temperature, so that, if suitable 
constructional and containing materials are available, a reactor of high specific 
power and excellent over-all efficiency should be attainable. Some of the diffi- 
culties associated with the use of liquid bismuth were mentioned in § 8.246, and 
it was indicated there how they may be overcome. 

12.142. Because of the relatively low solubility of elemental uranium in liquid 
bismuth, the possibility has been considered of using suspensions of solid uranium- 
bismuth or uranium-tin compounds in either liquid bismuth or in mixtures with 
lead and tin. The latter two elements were selected partly on account of their 
small cross sections for neutron absorption. It has been found that the solid 
compound of uranium and tin, USns, has almost the same density (10 g/cm®) as 
a low melting-point (240°F) alloy of bismuth (56% by weight), lead (38%), and 
tin (6%). A suspension of solid USn; in this liquid would be expected to show 
little tendency to settle. 

12.143. As part of the over-all design of the LMFR, it has been suggested that 
the reactor might be used as a uranium-233 breeder. The blanket would consist 
of the graphite reflector pierced by tubes containing thorium in the form of the 
compound Th;Bi; suspended in liquid bismuth (or in a molten bismuth-lead 
alloy) which has almost the same density. The heat generated in the blanket 
could be removed externally by circulation of the fluid. 

12.144. The designers of the LMFR regard its most important feature as 
integration of the reactor system with chemical processing of the fuel. The 


"Cf. J. J. Went and H. de Bruyn, Chem, Eng, Prog. Symposium Series, No, 12, 50, 120 
(1954); Nucleonics, 12, No, 9, 16 (1954), In these papers a design for a reactor using a cir 
culating, slurry-type fuel is outlined; there are, however, several unpublished reporta of oarlior 
date concerning such reactors and the properties of reactor-fuel suspensions, 

t See references to § 8246, ? 
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removal of fission products from the spent fuel solution by the salt-extraction 
method was described in § 7.196. The integration of reactor design with the 
recovery of the fuel is highly desirable if maximum over-all economy is to be 
achieved. 

12.145. As an alternative to liquid-metal fuels for the attainment of high 
temperatures, without the necessity for excessive pressures, the use of fused salt 
or hydroxide systems has been suggested. An ideal system of this type should 
have a fairly low melting point and also a low vapor pressure. It should be 
stable to both temperature and radiation and should be capable of holding 
appreciable amounts of fuel material in solution (or suspension). Finally, the 
elements present should have small capture cross sections for neutrons and, if 
the liquid fuel is to be used in a homogeneous thermal reactor, it is desirable that 
the elements, other than uranium (or plutonium), present should be effective 
as moderators, i.e., they should have low mass numbers. 

12.146. The foregoing requirements are met to a large extent by mixtures of 
fluorides (see § 8.253) which can dissolve one or other of the fluorides of uranium. 
Several such mixtures have melting points which are not excessively high, e.g., 
400°C (750°F), although they are well above normal temperatures. A possible 
advantage of the use of a fluoride fuel system is that it might perhaps be com- 
bined with the volatilization method of separating uranium (as hexafluoride) 
from fission products and other elements (§ 7.200). 

12.147. The alkali metal hydroxides, e.g., those of lithium, sodium, and po- 
tassium, have fairly low melting points and are thermally stable, although little 
is yet known of their stability to the radiations to which a reactor fuel is exposed, 
Fused hydroxides of lithium-7 and, perhaps, sodium (or mixtures of these two) 
might form a basis for a thermal reactor fuel system (§ 8.254). It would prob- 
ably be advantageous to employ deuteroxides rather than compounds containing 
normal hydrogen in some possible applications. 

12.148. Unfortunately, the solubility of uranium in fused alkali hydroxides i# 
relatively low except at such high temperatures that finding suitable containing 
material becomes a serious problem. However, as indicated above, it is nob 
essential that the uranium be in solution. It is possible, therefore, that stit 
pensions of uranium oxide in fused hydroxides (or deuteroxides) may providé 
feasible liquid reactor-fuel systems. Such systems could presumably be ete 
ployed at temperatures lower than those necessary to produce true solutions of 
adequate concentration. 


Bortinc-WATER REACTORS 


12.149. The last method of reactor cooling to be reviewed here is that ite 
volving the boiling of water (or heavy water) and the production of steam i 
the reactor core, as outlined in § 8.238.* From the design standpoint, boiling: 
water reactors have numerous advantages. Since steam is generated directly 

* For references, see § 8.239. 
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in the reactor, an external steam generator (heat exchanger) is not required. 
As a result, in addition to a considerable financial saving, the same steam tem- 
perature can be attained with a lower average fuel temperature, or a higher steam 
temperature is possible for a specified fuel temperature. Because no excess 
pressure is required to prevent boiling of the water in the reactor, as is necessary 
in water-moderated power reactors of other types, the pressure vessel can be 
designed for a lower pressure. In the PWR, for example, the pressure in the 
vessel containing the core will be 2000 psia, but the pressure of saturated steam 
leaving the steam drum is expected to be only. 600 psia. In a boiling-water 
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reactor, the same steam pressure could be achieved with a reactor-vessel pressure 
of little more than 600 psia. 

12.150. The pumping requirements for a boiling-water reactor are only those 
needed for returning water from the turbine condenser to the reactor vessel. 
It is estimated that pumping power will be about one tenth of that for a sys- 
tem having a separate steam generator. A rough comparison between the 
conditions of operation of a boiling-water reactor power-plant and one using 
pressurized-water cooling is shown in Fig. 12.4.* 

_ A251. The coolant, in the form of steam, leaving the boiling-water reactor 
‘will have a lower density than liquid water, and so its radioactivity will tend _ 
to be less intense; this will mean that less shielding will be necessary for the 
piping. Further, because of the evaporation within the reactor, soluble radio« 
active material will largely remain behind in the water and not be expelled with 
the steam, provided a good entrainment separator is used. On the other hand, — 
the presence of steam in the reactor core increases the neutron leakage, thereby 
decreasing the conversion ratio and also requiring a higher enrichment of the 
fuel. In addition, the specific power of a boiling reactor may be less than can 
be realized in a nonboiling system. 4 “a 

12.152. It is believed that a boiling-water reactor will be similar to a hom0« 
geneous aqueous reactor, e.g., the HRE, with regard to simplicity of control and 
inherent stability. However, it is not yet known with certainty that this will 
be the case in a reactor having a high power density and large output, suitable 
for commercial power production. Another possible difficulty may be the slight 
radioactivity of the steam entering the turbine. There will be a minor problem 
of preventing leakage, but a more serious matter is the question of the extent to 
which normal maintenance will be impeded by the deposition of radioactive 
material in the turbine, condenser, and feed-water pumps. The radioactivity 
of the steam would be much greater if a boiling aqueous solution were used as & 
reactor fuel, due to the presence of gaseous fission products. _However, the 
present plans for a boiling-water reactor are based on the use of solid fuel 
ments with suitable cladding to retain the fission products (§ 13:77), although a 

homogeneous boiling reactor is being considered. 

12.153. Since 1953 a number of experiments have been made on boiling the 
water moderator-coolant in a reactor with solid fuel elements. It was found 
that, (provided the power density was not too large, the reactor would operate 
steadily under conditions in which steam was continuously formed and ejected 
from the reactor. When the reactivity was increased suddenly, the decrease it 
moderator density, due to the blanketing of the fuel elements with steam, t+ 
sulted in a quenching of the fission-chain reaction long before the temperature 
became high enough to cause any damage. 


75, Untermyer, Nucleonics, 12, 7, 48 (1954). 
In an experiment in July, 1954, the power of a boiling-water reactor was allowed to 
ell over a million kilowatts in a tenth of a second, ‘This reactivity excursion resulted in 
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12.154. Because of the success of the preliminary tests an experimental boiling- 
water reactor (EBWR), producing about 20,000 kw of heat, is being constructed 
to explore further the possibilities of a stable, self-regulating, power reactor which 
will produce steam directly. With this will be associated a turbogenerator plant, 
of 5000 kw electrical capacity, the purpose of which is partly to investigate the 
extent of radioactive contamination of the turbine system. 

12.155. The stability of a solid-fuel, boiling-water reactor depends, in the 
main, upon three factors which change the reactivity when steam bubbles are 
formed. First, due to removal of the moderator, there is a decrease in the 
resonance escape probability, if natural or slightly enriched uranium is the fuel; 
this results in a decrease of the reactivity. Second, an increase in the thermal 
utilization, due to expulsion of the neutron-absorbing coolant and moderator, 
gives, on the other hand, an increase of reactivity. Third, an increase in the 
leakage of neutrons causes a decrease in the reactivity. In reactors having 
heavy water as moderator-coolant, the first and last factors always outweigh 
the effects of the second one. Thus steam formation tends to decrease the 
reactivity, giving the desired self-regulating property to the boiling reactor. 
If ordinary water is the moderator-coolant, however, the increase in the thermal 
utilization, accompanying removal of the water, is considerable, because of the 
significant neutron absorption cross section of hydrogen. By proper design of 
the reactor, so that the ratio of ordinary water to appropriately enriched uranium 
is kept below a certain value, the increase in reactivity due to increase of the 
thermal utilization, when steam is formed, can be outweighed by the decrease 
due to the changes in the resonance escape probability and neutron leakage. 
A boiling-water reactor of this type will be stable and self-regulating, although 
at high power densities oscillations may be expected. 


INTERNALLY-COOLED HOMOGENEOUS REACTOR 


12.156. An attractive alternative to a direct-boiling homogeneous reactor, 
which has a distinct possibility for a fairly small reactor unit, is a design in 
which water is boiled and forms steam in coolant channels passing through the 
homogeneous core.* Such a system would have some, but not all, of the ad- 
vantages of a boiling-water reactor, on the one hand, and some of a homogeneous 
reactor, e.g., simplified processing of fuel, on the other hand. Since the radio- 
active uranium solution would not be circulated for external cooling, both the 
shielding and erosion problems would be decreased. If the reactor is to be 
stable in operation, the limitations upon the ratio of water to uranium in the 
reactor, mentioned above, would apply as in the case of a boiling-water reactor. 
destruction of the reactor core and some associated equipment, However, the conditions 
imposed were very much more severe than are expected to occur in any reasonably conceivable 
accident (Seventeenth Annual Report of the Atomic Wnergy Comminaion, U, 8, Government 


Printing Office, January 1955, pp, 22-28). 
*See, for example, L. B. Borst, Nucleonics, 12, No, 8, 78 (1064); Atomie Industrial Morun 


Report, May 1964, C-2, 
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12.157. If, after considering the fuel and moderator materials available and 
the relative merits of homogeneous and heterogeneous systems, the decision is 
to construct a reactor with solid fuel elements, the next problem to be considered 
is the design of these elements. 

12.158. Ideally, a fuel element should be able to withstand high temperatures 
and should have good radiation stability ; it should be cheap and easy to fabricate 
and should lend itself to simple reprocessing. In addition, it should be designed 
to facilitate the removal of heat produced within it. Bearing in mind the 
temperature and other restrictions mentioned earlier, it can be understood that 
the specific power attainable in a reactor will be largely dependent upon the 
type and design of the fuel elements. 

12.159. Apart from CP-1 and CP-2 in which the fuel is (or was) in the form 
of lumps, the fuel elements in all the reactors using natural uranium, e.g., X-10, 
BNL, CP-3, BEPO, GLEEP, ZEEP, NRX, JEEP, etc., are (or were) solid rods 
of about an inch in diameter. The dimensions were chosen so as to take ad« 
vantage of the increase in the infinite multiplication factor due to the gain in 
both the resonance escape probability and the fast-fission factor resulting from 
the heterogeneous arrangement (Chapter III). This particular design of fuel 
element was satisfactory for reactors of low specific power, such as those meén« 
tioned above. For a reactor of high power, however, the specific power attain« 
able with these elements, within the existing temperature limitations, is too small 
to be practicable, so that changes in design are imperative. 


CYLINDRICAL FuEL ELEMENTS 


12.160. With the availability of enriched uranium fuel, some sacrifice is pet 
missible in the infinite multiplication factor for the sake of the improvement in 
heat-transfer characteristics of the fuel elements. By decreasing the diameter 
of the uranium rods, it is possible to achieve a considerable increase in the specifid 
power of the reactor for a given temperature drop between the uranium interior 
(t) and the coolant (t;). Disregarding the cladding, the effect of which is not 
significant, the temperature difference, for an unclad cylinder of radius a, i# 
obtained from equation (11.87.2) by setting a = b; thus, 


2 
4 — 4 = 9 4 8 


or 


Q= Ahk(to — t) 
~ a(ah + 2k)’ 


where Q, the heat source per unit volume, is directly related to the specific power: 
of the reactor. It is immediately evident from equation (12.160.1) that for a 
given value of t& — & the specific power will increase with decreasing radius 
the cylindrical fuel rod, 


(12.160,1) 
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Example Compare the maximum specific power possible for a water-cooled reactor 
with cylindrical rods of uranium 1 in. in diameter with one in which the rods are 0.5 
in. in diameter, for a given fuel-coolant temperature drop. For uranium k is 14 Btu/ 
(hr) (ft?) (°F/ft) and h may be taken as 5000 Btu/(hr) (ft?) (°F) in each case. 

Let Q, be the volumetric heat source for a rod of diameter 1 in., ie., radius 0.5 in., 
and let Qo.s be the value for the rod of diameter 0.5 in., i.e., radius 0.25 in. Then, from 
equation (12.160.1), since the numerator on the right is constant, 


Qos _ _0.5[(0.5/12)(5000) + (2)(14)] 
Q: — 0.25[ (0.25/12) (5000) + (2)(14)] 
= 3.6. 
The specific power attainable with the 0.5 in. diameter rods is thus 3.6 times as great as 
that with the 1 in. rods. 

12.161. By reducing the diameter of a cylindrical fuel element, the specific 
power attainable for given temperature drop can be increased or, alternatively, 
a given specific power can be obtained with a smaller temperature drop and its 
consequent advantages, e.g., decrease in thermal stresses within the elements. 
However, it must be remembered that because of the necessity for cladding the 
fuel, as explained below, a decrease in the fuel-rod radius means an increase in 
the amount of cladding material for a given mass of fuel. The accompanying 
increase in parasitic neutron capture may seriously affect the over-all neutron 
economy of the reactor. Further, the use of thin 


rods as fuel elements will, undoubtedly, increase O 
the total cost of fabrication. If cylindrical ele- O O Cr 1 
ments are to be employed, the diameter chosen will O O 


represent a compromise between specific power, on 
the one hand, and both neutron economy and cost 
on the other hand. A diameter of 0.25 in. is prob- 


ably close to the optimum value. It may be men- O O 
tioned that by arranging a number of thin rods in Oo. O Co 
groups so that they are less than a neutron mean O 


free path apart (Fig. 12.5), much of the advantage 
of a thick rod, in respect to resonance escape and 
fast-fission factors can be retained. 

12.162. The use of a moderately thick, cylindrical fuel element with a central 
channel, so that it can be cooled both internally and externally, has been pro- 
posed. In a sense this is almost equivalent to the close grouping of thin rods 
and has advantages from both nuclear and heat-transfer points of view. How- 
ever, in the past such elements were not only difficult to fabricate, but have 
been found to be unsatisfactory because of the development of a high thermal 
resistance at the inner fuel-cladding interface due to thermal expansion effects. 


Fie. 12.5 Possible group- 
ing of thin fuel rods 


PLarneryen Fun, ELeMeNrs 


12.163, An alternative possibility, which has much to recommend it, for 
water-moderated reactors, is the plate design for fuel elements; it has been used 








764 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [12.164 


in several of the more recent research reactors, e.g., MTR, BSR, CP-5. The fuel 
element consists of a set of long slightly curved (or flat) plates of a uranium- 


aluminum alloy with a thin cladding of aluminum on both sides, resulting in a | 
sandwich-type of construction. The plates are held in position in a long box-like — 


frame, forming a composite fuel element. A 


a horizontal section through such an element, 


gee containing six clad plates, is shown in Fig, 


eee oe 12.6 (see also Fig. 13.13). 


TT etapoine 7) 12.164. The sandwich-plate type of fuel 
element is relatively simple to fabricate,* and 


ER res, 


ae the parasitic capture of neutrons can be kept 
relatively small by using a thin cladding, — 
TT re/ just sufficient to retain the fission products 
and protect the uranium from corrosion, — 
eet is ae If the fuel is natural (or slightly enriched) 
uranium, it is possible, by proper spacing of — 


the fuel plates, e.g., by placing them close 

Fic. 12.6 Assembly of sandwich- together and decreasing the moderator-to-fuel 

plate type fuel element 

fission factor accompanied by a decrease in 

the resonance escape probability. If the fuel-element boxes are closely spaced, 

as is frequently the case, the system may be treated as homogeneous for 
theoretical analysis (§ 12.105). 

12.165. In addition, high specific powers are possible in reactors using plate= 
type fuel elements. For a large unclad fuel plate, the temperature drop between 
the fuel and the coolant is obtained from equation (11.85.2) by setting a equal 
to b; the result is 

_ WW , Qa 
b—-t = oF fe i (12.165.1) 
where a is the half-thickness of the fuel region. From this expression, whith is 
analogous to that given above for a cylindrical fuel rod, it is possible to calculate 
the specific power attainable in the reactor for a given temperature drop. 


Example Suppose the average difference in temperature between the interior of the fuel 
plates and the coolant in a reactor is 200°F. What will be the specific power of the 1+ 
actor, having fuel plates 0.25 in. thick, consisting of uranium metal and containing 1.2 per 
cent of uranium-235? For uranium, k is 14 Btu/(hr) (ft?)(°F/ft) and h may be taken as 
5000 Btu/ (hr) (ft?) (°F). , 

From equation (12.165.1) 
2hk(lo — ty) 


om a(ah + 2k) 


* With increasing experience fabrication costs can be reduced; thus, the cost of fabricating. 


the fuel elements for the MTR was decreased from about 65 cents/million Btu of heat in 


August, 1952 to 10 cents/million Btu in July 1958 (L. H. Hafstad, Atomic Industrial Morum 


Report, July 1954, p, 31). 


ratio, to obtain an appreciable gain in the fast- _ 
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and, since a is (4)(0.25) in. = 0.25/24 ft, it follows that 

Q= (2) (5000) (14) (200) 

~ (0.25/24) [ (0.25/24) (5000) + (2)(14)] 

= 3.4 X 10’ Btu/(hr) (ft). 
To convert Btu/hr to kw, it is necessary to multiply by 2.93 X 10-4; hence, Q is 
(3.4 X 10’)(2.93 X 10-¢) = 1.0 X 104 kw/ft?. The density of uranium is 19 g/cm’, so 
that 1 ft? weighs 538 kg; since it has been postulated that the uranium contains 1.2 per 
cent of uranium-235, it follows-that 1 ft? fuel contains (538)(1.2)/100 = 6.46 kg of 
uranium-235. The specific power of the reactor, which is equivalent to Q, in the ap- 
propriate units, is then 


10! 

Ge 6.46 1530 kw/kg of uranium-235 
_ ot _ 18.6 kw/kg of uranium 
~ bag ee : 


12.166. The data in the foregoing example are not at all unreasonable; in fact, 
they may be somewhat conservative for a power reactor. The average tem- 
perature drop of 200°F between fuel and coolant allows for a maximum of at 
least 500°F; hence a temperature as high as 500°F for the coolant means that 
the temperature of the fuel interior will not exceed 1000°F. The suggested 
plate thickness of 0.25 in. is by no means as small as can be fabricated, and the 
use of a uranium alloy, instead of pure uranium, as in the example, would serve 
to increase the specific power. Finally, an increase in the heat-transfer coeffi- 
cient, which can be readily achieved, would also result in an increase in the 
specific power. It is seen, therefore, that specific powers as high as (or higher 
than) 24 kw/kg of uranium should be readily attainable in a reactor with 
plate-type fuel elements of slightly enriched material. 


CLADDING 


12.167. Cladding of reactor fuel is necessary for several reasons; the two most 
important are (1) to prevent attack of the uranium, thorium, or plutonium by 
air, water, or other coolant, especially at high temperatures, and (2) to prevent 
escape of the radioactive fission products, including gases, and of plutonium, 
which is a serious health hazard (§ 9.74). Aluminum has been extensively used 
as cladding material; less than 0.001 in. (1 mil) is sufficient to stop fission 
products, although a greater thickness is desirable for mechanical strength, to 
prevent penetration of corrosion pits, and to retain the gases. Because it is 
itself attacked by water at elevated temperatures, the limiting acceptable surface 
temperature, with water as coolant, is about 400°F. With gaseous coolants, 
e.g., helium or carbon dioxide, higher temperatures might be permissible, al- 
though the rapid loss of strength suffered by aluminum above 400°F would be 
a limitation, “+ 

12.168, Due to its satisfactory nuclear and mechanical properties, and its re- 
sistance to corrosion, zirconium is attracting interest for fuel cladding in spite 
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of its high price (§ 8.191, e¢ seq.). The maximum permissible surface tempera- 
ture in water is near 660°F, although this might well be extended by alloying 
with other metals. Maximum water temperatures of about 560°F are thus — 
possible with zirconium (or, better, zirconium alloy) cladding; this is probably 
as high as is practical at the present time in nonboiling reactors because of the 
pressure required to prevent boiling, i.e., 2000 psia.* 

12.169. Neither aluminum nor zirconium would be satisfactory fuel-cladding 
materials for a sodium-cooled reactor, if advantage is to be taken of the high 
temperatures which can be attained. In this case, stainless steel appears to be 
the only reasonable possibility at the present time. Its surface temperature 
can be permitted to rise to 1200°F, and it is resistant to attack by liquid sodium, 
Although it captures neutrons more readily than zirconium, stainless steel is 
much cheaper, and so it has been suggested as an alternative cladding material 
for water-cooled reactors.| Some consideration has been given to titanium (or 
its alloys) for sodium-cooled reactors, in spite of its high capture cross section 
for thermal neutrons (5.6 barns). 

12.170. Another aspect of cladding is that, if the material has suitable me- 
chanical properties, the clad fuel will be more able to withstand thermal stresses 
due to temperature variations, and dimensional changes due to radiation damage. 
In these respects it is probable that plate-type fuel elements, with thin fuel 
layers, are superior to cylindrical elements. 

12.171. In choosing the cladding material, the problem of its removal, as the 
first stage in processing the spent fuel, must be borne in mind. Aluminum can 
be dissolved away readily, but zirconium and stainless steel are more difficult, to 
remove. The latter can be dissolved fairly easily if it is first carburized. If 
the cladding could be detached mechanically, the situation might be greatly 
simplified. This appears to be a possible development in fuel-element design, 

12.172. In order to keep thermal resistance to a minimum, it is desirable that 
there should be a good contact (or bond) between the fuel and the cladding, 
There are several ways of achieving satisfactory bonding. With plate-type fuel 
elements, bonding may be achieved by hot-rolling the fuel-cladding sandwich, 
For cylindrical elements, a liquid metal, such as sodium or NaK, can be included | 
before the “can” of cladding is sealed. It is reported that aluminum cladding 
can be bonded to the fuel by means of an alloy of aluminum and silicon. 

* The boiling point of water ia i 2 it is | i 
differential of ge tr te oc pidalie pends al ‘heal boiling (et. ¢ HAAIEE 0 ee 
{ In view of the fact that, neutrons captured in stainless steel would otherwise be available 
for the production of fissionable nuclei, it is a moot point whether this material is really more 


economical than zirconium for water-cooled reactors (see W. E. Abb C 
50, 245 (1954)). ( ott, Chem. Eng. Prop, 
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Reactor Cootant TEMPERATURES* 


12.173. The selection of the inlet and outlet. temperatures for the reactor 
coolant is a complex matter having economic as well as engineering and thermo- 
dynamic aspects. With the exception of a few special cases, generation of 
electric power from the heat liberated in a reactor will be based on the production 
of steam in a heat exchanger (or boiler), the steam being utilized in a turbo- 
generator. In choosing the operating temperatures for the reactor coolant it is 
necessary to take into consideration the conditions in the steam-turbine system 
as well as those in the reactor and their mutual interaction. 

12.174. Unless some additional form of heating is used, which is assumed not 
to be the case, the temperature of the steam produced in the boiler (with or 
without superheating) cannot exceed the temperature at which coolant leaves 
the reactor. Since the thermal efficiency of the turbine increases with steam 
temperature it would appear that the coolant exit temperature from the reactor 
should be as high as possible in order to permit the attainment of high steam 
temperatures. 

12.175. The highest steam temperatures used in conventional central-station 
power plants now approach 1200°F, but values of about 1050°F are more com- 
mon.{ This limit is set, to a large extent, by the increasing cost per electrical kw 
of the special materials required to withstand high temperatures. From the 
opposing effects of the more expensive equipment and the increase in thermal 
efficiency, it has been concluded that there is an optimum temperature for the 
steam at the turbine throttle in conventional power plants. It is possible that a 
somewhat similar conclusion may apply to nuclear-power plants, but this is by 
no means certain. In any event, because of the difference in fuel costs, the 
optimum steam temperature may be lower in a nuclear plant.t 


CooLant OUTLET TEMPERATURE 


12.176. The maximum possible exit temperature of the coolant from the re- 
actor is determined by economic factors, e.g., the increasing cost of the pressure 
vessel with operating temperature, if water is the coolant, as well as by physical 
considerations, e.g., the maximum permissible temperature of the interior of the 
fuel or of the surface of the cladding in contact with the coolant. If one of these 
temperatures is limiting, then the maximum possible rate of heat removal from 
the reactor, i.e., its maximum possible operating power,§ for a given coolant flow 
rate can be represented, to a good approximation, by the expression 


* A, Amorosi, Argonne National Laboratory, unpublished lectures, 1949; W. E. Parkins, 
Conf. on Nucl. Eng., Berkeley, 1953, F-55; W. A. Loeb, Chem. Eng. Prog. Symposium Series, 
No. 11, 50, 145 (1954); F. T. Miles and I. Kaplan, ibid., No. 11, 50, 159 (1954); C. H. Robbins, 
ibid., No. 12, 50, 181 (1954). 

+ These are the temperatures in plants where fuel costs are relatively high, i.e., 30 to 50 
cents/million Btu. dy 

{See R. D, Elliott, Nucleonics, 10, No, 2, 57 (1062), 10, No, 8, 82 (1964); T, Trocki and 
J.D, Selby, dbid., 10, No, 8, 82 (1954), 

§ Tho actual maximum operating powor ia amaller, for ronwons whieh will be apparent shortly 
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Qmax ~ AnH (him — tout), (12.176.1) 


where tim is the limiting temperature and tout is the average coolant temperature 
at the reactor outlet; A; is the heat-transfer surface in the reactor, and H is an 
effective coefficient of heat transfer. It follows, therefore, from equation 
(12.176.1) that if A, and H are specified, the maximum reactor power will de- 
crease with increasing coolant outlet temperature, since tim may be regarded as 
being fixed. 

12.177. As seen above, the maximum thermal efficiency of the turbine can he 
increased as fout is increased, because of the higher possible steam temperature. 
But if the maximum reactor power decreases at the same time, it follows that 
there will be an optimum coolant outlet temperature which will give a maximum 
electrical power output. It should be noted, however, that, although tim is 
fixed, the power output for a given value of four can perhaps be improved by 
increasing A, and H by suitable design changes. For example, an increase in 
the flow rate, if permitted by the pressure drop, will be accompanied by an in- 
crease in the heat-transfer coefficient of the fluid. This will be reflected in 
some increase of H, the effective (over-all) coefficient of heat transfer. 

12.178. In addition to the optimization of the coolant outlet temperature on 
the basis of heat-transfer considerations within the reactor, there may be an 
optimum determined by conditions in the boiler, as will be seen shortly. Al 
though a lower steam temperature means a decrease in the turbine thermal 
efficiency, there will be a compensatory saving in the size and cost of the boiler, 
Consequently a decrease in the steam temperature, since it can be accompanied 
by a decrease in the coolant outlet temperature, and a decrease in the pressure 
within the reactor if water is the coolant, may sometimes have an over-all 
economic advantage. 


Cootant INLET TEMPERATURE 


12.179. Suppose that, after giving due consideration to the various factors 
reviewed above, a tentative decision has been reached concerning the average 
temperature at which the coolant is to leave the reactor. A choice must now be 
made of the coolant inlet temperature, and here also various factors must be 
balanced against one another. According to equation (11.137.2) the rate of 
heat removal from a reactor is given by 


qd = (pCp)vAsAt. 
= (ply) VAs (bout —_ tin), (12.179, 1) 


where pc, is the volumetric heat capacity of the coolant, » is its flow rate through 


the reactor, A; is the total flow area, and At, is the difference between the tem: 


peratures at which coolant leaves (tour) and enters (tin) the reactor, 
12.180. Since pe, is fixed by the nature of the coolant and fou, may be regarded 
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as more or less determined, as described above, it is seen that the value of fin 
will depend upon gq, the total heat power output of the reactor, as well as upon 
the coolant velocity and the flow area. From a knowledge of the expected 
power level, calculations involving nuclear and heat-transfer considerations are 
made, based on tentative decisions concerning fuel-element design and coolant- 
passage geometry (see § 12.193, et seg.). These give a provisional value of A;, the 
coolant flow area, and the related equivalent diameter of the channels. 

12.181. The next step is to estimate the available pressure drop or pumping 
power for the coolant. This is largely determined by economic factors, such as 
cost of pumps and piping, the size of the heat exchanger, and the value of the 
coolant (or of the fuel in a circulating liquid-fuel system). In this connection 
a preliminary plant layout of the reactor and its primary cooling system, and a 
knowledge of heat-exchanger designs for a wide variety of conditions, will be 
necessary. 

12.182. When rough values of the pumping power and flow area, which 
appear to be reasonable, are available, it is possible to establish the maximum 
coolant flow velocity, assuming that, as is generally the case, the pressure drop 
is the limiting factor. A large value of v is desirable, if conditions permit, since 
it is accompanied by an increase in the heat-transfer coefficient. However, 
beyond a certain point the gain may not be worth while, e.g., with a liquid-metal 
coolant (§ 11.133), because of the increased cost of pumping. With q, p, Cp, v, 
Ay, and tout being, at least provisionally, known, the corresponding value of tin, 
the coolant inlet temperature to the reactor, can be obtained from equation 
(12.179.1). 

12.183. It is of interest to call attention to the influence of the volumetric 
heat capacity of the coolant on tin or, actually, on A¢,, the over-all increase in 
temperature of the coolant. For water, in the useful temperature range of 
350° to 450°F, the value of pc, is about 56 Btu/(ft®)(°F), whereas for liquid 
sodium, in the range from 700° to 1000°F, it is roughly 16 Btu/(ft®)(°F). It is 
seen, therefore, from equation (12.179.1), that if v and A; are not very different 
for two reactors using water and sodium, respectively, as coolants then, in order 
to remove heat at the same rate, Aé, will have to be at least three times as great 
for the sodium reactor as for the one with water as the coolant (cf. Table 12.3). 
A reactor using liquid sodium as coolant should therefore be designed so as to 
permit a large increase of temperature between inlet and outlet. 


THe STEAM TEMPERATURE 


12.184. The entry and exit temperatures of the coolant will determine, to a 
great extent, the best steam conditions to be used in the circumstances. For 
example, the temperature of the steam leaving the heat exchanger must be 
less than fou, and the decision as to whether or not regenerative heating is to 
be used for the boiler-feed water will be based upon ty (§ 12.189), The sive and 
cost of the heat exchanger (boiler) required to produce a specified quantity of 
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steam will vary with both At, and with the difference tin — feat, where fsat is the 
temperature of the saturated steam in the boiler, as shown qualitatively in 
Fig. 12.7. It is evident that the steam temperature will represent a compro- 
mise, since a high value of t,t, which is desirable for high thermal efficiency, will 
mean an increase in the heat-transfer 
area (and cost) of the boiler, for a given 
lin Some advantage might be gained by 
adjusting the reactor conditions so as to 
increase tin, but if fou is fixed this would 
mean a decrease in Af, and, as a result, 
an increase in the boiler size (Fig, 12.7). 
In any event, a change in At, would mean 


Ate INCREASING 


in the reactor if the power level is to be 
maintained, 
tin — tect 12.185. It will be apparent from the 
RES a cactAws Ge heat ukeatee eae remarks that there is an inter- 
Brita traael culeratar on kyeta ten ependence of the various temperatures 
peratures in a reactor system, and the optimum 
conditions can be arrived at only by con- 
tinuously repeating and refining the design calculations described above. The 
difficulty of the problem is accentuated by the fact that design changes which 
are beneficial from the heat-transfer standpoint are often found to be detrimental 
(and uneconomic) when the nuclear aspects are taken into consideration, 
Nevertheless, a satisfactory compromise, concerning coolant inlet and outlet 
temperatures and conditions in the boiler, will eventually be reached. As with 
engineering problems in general, increase in experience, which has hitherto been 
very limited, will facilitate arrival at a practical solution. 


BOILER HEAT-TRANSFER AREA 





HoMOGENEOUS AND BorLtINnG REACTORS 


12.186. In homogeneous and boiling reactors the circumstances are somewhab 
different from those described above, which apply strictly to reactors with solid 
fuel elements. In a homogeneous reactor the question of a maximum rate of 
heat transfer from a solid surface does not arise and the operating temperatures 
are determined by the acceptable pressure in the reactor vessel and the condi« 
tions of the steam-turbine circuit. In a boiling-water reactor, which supplian 
steam directly to a turbine, the boiling temperature and the return temperature 
of the water are dependent on the steam-turbine system. However, the rate of 
heat transfer from the fuel elements to the boiling water, which depends upon 


the difference between the temperature of the fuel-element surface and the — 


saturation temperature of the water (§ 11.183), must also be taken into consid. 
eration. 


an adjustment of the flow rate of coolant — 
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TEMPERATURES WITH WATER AS COOLANT 


12.187. When water is the coolant the outlet temperature is determined by 
the acceptable pressure in the reactor vessel and the nature of the fuel-element 
cladding. If the latter is aluminum, the maximum permissible temperature of 
the water is probably about 400°F, but with zirconium (or zirconium alloy) an 
average outlet temperature of about 560°F could be tolerated. In order to 
prevent boiling of the water in the hottest cooling channel, the pressure in the 
reactor vessel would have to be about 2000 psi. The inlet (or return) tempera- 
ture of the water to the reactor will be determined almost entirely by the char- 
acteristics of the steam-turbine system. A value 70° to 100°F below the reactor 
outlet is found, in general, to be satisfactory. The data in Table 12.4 are 
quoted as an example of the operating conditions of a proposed reactor using 
water under pressure as moderator and coolant.* The design is for an output 
of 246 Mw of electrical power, so that, with a heat-power of 1248 Mw, the 
expected over-all efficiency is about 20 per cent. 


TABLE 12.4. PROPOSED OPERATING CONDITIONS 
FOR POWER REACTOR 


Pressure vessel design, pSl............0 000020 e eee ~1000 
Maximum fuel-element surface temperature, °F..... 500 
Average coolant outlet temperature, °F............ 440.7 
Coolant inlet (return) temperature, °F............. 369.4 
Water velocity in reactor, ft/sec.........6.+-+--+% 25 
Coolant flow rate, 10§Ib/hr..... 0.0... ee eee ee eee 54.75 
Turbine throttle: 

Steam temperature °F...:....6. 00 eee eee eee eee 373.1 

Steam pressure, psia... 6.20... eee eee 180 
Reactor heat generation, Mw.............06-0-¢055 1243 


TEMPERATURES WITH SODIUM AS COOLANT 


12.188. With sodium as coolant, the upper temperature limit is again depend- 
ent upon the fuel cladding; if this is stainless steel, the maximum permissible 
temperature of the liquid sodium is about 1200°F, and a reasonable maximum 
average temperature for the coolant leaving the reactor would appear to be 
around 1000° to 1050°F. This high temperature permits greater flexibility in 
the operation of the steam-turbine system, and upon this the temperature of 
the sodium returning to the reactor is largely dependent. A reasonable value 
for the difference between reactor inlet and outlet temperatures for the coolant 
would be about 300° to 400°F. With a coolant flow velocity of about 25 ft/sec 
in the reactor, the rate of heat removal would then be approximately the same 


* Commonwealth Edison-Public Service Go, of Northern Illinois, Report CBPS-1111 (une 
published), 
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as for water, with a temperature change of about 100°F, in a reactor having the 
same flow area. The thermal efficiency would, of course, be appreciably greater 
with sodium, because of the higher steam temperature. 


Stream CrcLes FOR NUCLEAR POWER 


12.189. Since the conditions in a steam-turbine system have a bearing on 
the operating temperatures of the reactor, and vice versa, it is appropriate to 
refer briefly to the steam cycles that might be utilized for the production of 
electricity from the heat liberated in a nuclear reactor. In modern conven- 
tional central-power plants superheated steam is invariably used at the turbine 
throttle. There are, generally, up to four or perhaps five regenerative feed- 
water heaters and, possibly, one or two stages of reheat between high- and low- 
pressure turbines. The moisture content of the steam in the turbine must be- 
kept low because an appreciable proportion of liquid water decreases the effi- 
ciency and causes increased erosion of the blades. 

12.190. The adaptation of a steam cycle to the production of nuclear power 
is shown in the flow diagram in Fig. 12.8; only two regenerative feed-water 
heaters, although more are possible, and one stage of reheat are shown. In @ — 
water-cooled reactor, the temperature would probably not exceed 600°F, and, 
in these circumstances, superheating is difficult. It is possible that the use 


LOW- PRESSURE 
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PREHEATER 
: REGENERATIVE 


Tia. 12.8 Hypothetical steam cycle for nuclear power 
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of a moisture separator, instead of reheat, between the high- and low-pressure 
turbines might be advantageous in giving improved thermal efficiency at small 
cost. Regenerative feed-water heating is probably to be recommended, al- 
though the optimum number of stages used would have to be related to the 
reactor coolant inlet temperatures.* 

12.191. When sodium is the coolant, with the possibility of obtaining steam 
at high temperatures, the steam-cycle conditions will resemble those of a con- 
ventional power plant to a considerable extent. The highest thermal efficiencies 
will probably then be obtained by using superheat, reheat (or moisture separa- 
tion), and four or five stages of regenerative feed-water heating. 

12.192. Since, at sufficiently high steam pressures, superheating is accom- 
panied by a marked gain in efficiency, it has been suggested that a combustion- 
fired heater be used to superheat the saturated steam produced in the boiler 
associated with a water-cooled reactor. Whether this scheme would prove 
economically effective or not is uncertain because of the possible high cost of 
the superheater and of the combustible fuel. 


PRELIMINARY DESIGN CALCULATIONS 


Furt LoAapDING AND CoRE DIMENSIONS 


12.193. The final design of a nuclear reactor is attained only after numerous 
calculations and experimental observations. The latter may include not only 
criticality studies, as outlined in § 12.108, but also hydraulic measurements with 
a mock-up of the core, using inactive material, to study the flow pattern of the 
coolant and pressure drops within various parts of the system. It is expected 
that as knowledge and experience of reactor design increase, however, the need 
for a mock-up will decrease. Before proceeding to the experimental studies of 
reactor design problems, many calculations of a preliminary character must be 
made, and some of these will be indicated below. 

12.194. Suppose it is required to design a cylindrical reactor to produce 1000 
Mw of heat, using 1.2 per cent enriched uranium as fuel and ordinary water as 
moderator-coolant. As already seen, for such a reactor an average specific 
power of 24 kw/kg of uranium may be feasible, using plate-type fuel elements. 
Hence, to produce 1000 Mw, i.e., 10° kw, the reactor core should contain 10/24, 
ie., 4.2 X 104 kg or 46 tons of metal. 

12.195. The average thermal flux can now be estimated to see that it has 
a reasonable value in view of the difficulties arising from radiation damage 


*C. H. Robbins, Nucleonics, 11, No. 1, 42 (1953). 

+ C. H. Robbins, loc. cit.; Report on Atomic Power Symposium, Chalk River, Ont,, 1963 
(CRR-548-A), Chapter 11 (by I. N, MacKay), According to a private communication from 
J. A. Lane, studies at Oak Ridge National Laboratory indicate that power couta in a plant 
using a combustion-fired superheater in conjunction with a reactor are not appreciably lower 
than for a nuclear power plant without the superheater, ‘The combination may, neverthelens, 
be desirable for other -reasons, 
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and xenon poisoning at high fluxes. Utilizing equation (12.11.1), with 
P = 103 Mw = 10° watts, w = 500 kg = 5 X 10° grams, and o; = 549 barns 
for uranium-235, it follows that 


g = G2 X 10%) (109) 
~ (5 X 10°) (549) 
= 4.3 X 10" neutrons/(cm?) (sec). 


With this value of the thermal-neutron flux, the equilibrium value of the xenon 
poisoning during operation will be about 0.04 and the maximum after shut- 
down about 0.13. 

12.196. The density of uranium metal is 19 g/cm’, and hence the volume 
occupied by the 4.2 x 10‘ kg of fuel is 78 ft*. In addition, the core will contain 
about one third of this volume, ie., 26 ft*, of cladding and structural material 
for the fuel elements. Approximate criticality calculations indicate that for 
the estimated mass of 46 tons of fuel to have an effective multiplication suffi- 
ciently larger than unity to allow for poisoning, temperature increase, etc., the 
volume of the cylindrical core will be roughly 320 ft’. The volume of the water 
is then equal to this volume minus the volume of the fuel elements (i.@., 
78 + 26 = 104 ft®) and the volume required for insertion of the control rods, 
The water volume is thus about two thirds of the total volume of the core. The 
power (heat) density of the reactor will be 10°/320 kw/ft’, i.e., 1.07 x 107 Btu/ 
(hr) (ft8) or 110 kw/liter (cf. Table 11.1). 

12.197. A cylinder 7.00 ft in diameter and 8.32 ft in height will have a volume 
of 320 ft® and so these may be taken as reasonable dimensions for the reactor 
core. The circular cross-sectional area is thus 38.4 ft? and the total flow area of 
the water will be roughly two thirds of this, namely, 25 ft?. The total crosite 
sectional area of the uranium fuel would be (38.4)(78)/(320), i.e., 9.35 ft, 
The 3 ft? or so occupied by the cladding-structural material may be neglected aa 
being “dead space,” provided that neutron capture by the cladding on the fuel 
is quite small, as it usually will be. : 


NuMBER AND SPACING OF FUEL PLATES 


12.198. In order to sustain the postulated specific power, the fuel region of 
the plate should be no more than 0.2 in. thick. Upon performing the subsequent 
calculations on the basis of this thickness it is found that the fuel-surface tems 
perature is higher than is considered desirable, so that thinner fuel elements are 
necessary. Suppose the thickness chosen is 0.15 in.; if each ‘plate is 3 in, wide, 
the total number of fuel plates is given by 

Number of fuel plates = ae = 3000. 


12.199. Because the ratio of the volume of water to that of fuel in the rea 
is 25 to 9.35, it follows that the distance between the fuel plates of thiekn 
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0.15 in. must be 


LAO’) 0.40 in. 


Distance between fuel plates = 9.35 


The equivalent diameter D, of the coolant passage, which is twice the distance 
between the plates, is consequently 0.80 in. 

12.200. Since each plate is 8.32 ft long and 3 in. wide and has two exposed 
faces, the heat-transfer area per plate, i.e., Ax, is (2) (8.382)(3/12) = 4.15 ft. 
The average heat-release per plate is (10°)(3.413 X 10*)/3000 = 1.14 10° 
Btu/hr; and so the average heat flux in the reactor is 


1.14 X_10° 


415 = 274,000 Btu/ (hr) (ft?). 


Average heat flux = 
The maximum heat flux may be three or four times this amount, but it will 
probably not exceed the generally accepted limiting practical value of 10° 
Btu/(hr)(ft?) at which burn-out may occur. 


CALCULATION OF HEAT-TRANSFER COEFFICIENT 


12.201. With these data available, it is now possible to proceed with the 
direct heat-transfer calculations. Suppose the average rise in temperature, 
At., of the coolant in passing through the reactor is to be 75°F (§ 12.187), the 
inlet temperature being 375°F and the outlet temperature 450°F. The mass 
flow rate, w, of the water can then be determined from equation (11.137.1) in 
the form 
oe Eaetp 
CpAte 
where q is 10° kw = 3.413 X 10° Btu/hr and At, is 7 5°F. The specific heat of 
water at the mean temperature of 410°F is 1.06 Btu/(Ib) (°F), so that 


3.413 X 10° 
(1.06) (75) 


12.202. The mass flow rate is related to the coolant velocity, v, by the rela- 
tionship w = vpAy; or 


w= 


w= = 42.9 X 10° Ib/hr. 


v= sae 

pAy 
where A, is the appropriate flow area for the coolant. It was calculated above 
that the total flow area of the water is 25 ft?, and this would be the value of A; 
if a single pass of coolant is employed. It was seen in § 11.45, however, that it 
may be advantageous to design the flow system so that two or more passes 
occur. Hence, it will be postulated that there are two passes, the coolant flow- 
ing up the center of the reactor core and down the outer regions, with half the 
total flow area being involved in each pass, ‘The flow area, Ay, per pass is thus 
12.5 ft? and, hence, since the density of water at 410°F is 53.6 Ib/ft*, the coolant 
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flow velocity in each pass is 


42.9 X 10° 
” = (53.6) (12.5) +t/ BE 


17.9 ft/sec. 


This flow velocity is somewhat less than the acceptable maximum value of 25 
to 35 ft/sec and it might perhaps be increased with advantage, e.g., by decreas- 
ing the flow area in the core or the temperature drop, At... There would be an 
increase in the heat-transfer coefficient, although it would be accompanied by 
an increase in the pumping power required for the coolant. 

12.203. Upon inserting the value for v (in ft/sec) and that for D, (in inches), 
namely, 0.80 in., obtained above, into equation (11.128.1), the average heat- 
transfer coefficient (at 410°F) under the given conditions is found to be 


ll 


: ening div edann ODE 
h = 170[1 + (10-*)(410) — (10-*)(410)"] (9 gy 


= 6100 Btu/(hr) (ft?) (°F), 


which would appear to be satisfactory for the present purpose. 


Maximum TEMPERATURE OF FUEL-ELEMENT SURFACE 


12.204. Since in its first pass the coolant will flow through the center of the 
reactor where the flux is highest, it may be supposed that about two thirds of 
the total heat generated in the reactor will be removed in this pass.* Hence, 
for the first pass g may be taken to be 660 Mw or (660)(3.413 X 10°) = 2.25 X 
10° Btu/hr; since half the fuel plates, i.e., 1500 plates, are involved, the value of 
q per plate is 1.50 X 10° Btu/hr. The heat transfer area, Aj, per plate is 
4.15 ft?, and, hence, At,, the average temperature drop between the surface of 
the fuel plate and the coolant, is given by equation (11.67.1) as 


ES 
At. ‘As 


150 X10 _ 
= (6100) (4.15) — 


The maximum value of this temperature drop in the central region of the reactor, 
excluding the effects considered in the next paragraph, is probably 1.6 or so times 
as large as the average value, so that (At,)max is nearly 100°F.t 

12.205. The foregoing calculations are based on the tacit assumption of striet 
regularity of the coolant flow channels and of uniformity of flow distribution, 
In actual practice deviations are bound to occur and in order to allow for them 


60°F. 


* The exact fraction can be calculated from the known power distribution, but the value 


postulated here is sufficiently accurate for the present purpose. 
+ A more precise method of determining (Ats)max would be to use the procedure described 


in § 11.102, et seq.; this would require a knowledge of the power distribution in the reactor, 


For preliminary purposes, however, the calculation given above is adequate, 
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the so-called “hot channel” factors have been introduced. These safety factors 
are entirely empirical in nature and vary from one reactor to another. The 
data in Table 12.5,* which have been proposed for a water-cooled reactor with 
highly enriched fuel, are quoted in order to give some indication of the accepted 
magnitudes of hot-channel factors due to various causes. Thus, in estimating 
the maximum value of At, for a hot channel, the result calculated above should 
be multiplied by the applicable factors in the first column of the table. In the 
present case, the enrichment variation is probably not significant and so the 
over-all hot-channel factor is about 1.6; the maximum hot-channel value for 
At,, thus (1.6)(100) = 160°F. 


TABLE 12.5. HOT-CHANNEL FACTORS 


Effect At; At. Q 
Inability to predict flux............ 1.20 1.20 1.20 
Variation in enrichment............ 1.20 1.10 1.20 
Variation in channel diameter....... 1.25 1.40 1.10 
Nonuniform flow distribution. ...... 1.02 1.02 —_— 
Warping of fuel element............ 1.03 1.04 —_ 


12.206. The total increase in the temperatures of the coolant in the first pass 
is expected to be two thirds of 75°F, i.e., 50°F. The average increase is then 
about 25°F; upon multiplying this by 1.6, to obtain the normal maximum, and 
by the appropriate hot-channel factor from the second column of Table 12.5, 
the maximum hot-channel value of Aé, is estimated to be about 65°F. Conse- 
quently the maximum hot-channel temperature at the fuel-element surface is 


expected to be 
375 + 160 + 65 = 600°F, 


where 375°F is the temperature at which the coolant enters the reactor. This 
is sufficiently less than the maximum acceptable temperature for zirconium 
(§ 12.168) to make the latter a satisfactory cladding material. To prevent the 
water from boiling at the fuel-element surface, the system would have to be 
pressurized to at least 1600 psia. 


Maximum TEMPERATURE WITHIN Furst ELEMENT 
12.207. Disregarding the temperature drop through the cladding, which will 
be quite small, the average temperature drop across the fuel can be obtained 


from equation (11.82.1), i.e., 
2 


b—h = 2, 


where a is the half-thickness of the fuel. For the central region of the reactor, 
in which the first pass of the coolant occurs, ¢ is 2.25 % 10" Btu/hr and since 


* Unpublished information from Argonne National Laboratory, 
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the volume of the fuel is (3)(78) = 39 ft*, the average value of Q is 5.8 X 10° 
Btu/(hr) (ft). This must be multiplied by factors allowing for the theoretical 
ratio of maximum-to-average heat-source strength and for the hot-channel 
effect, as given in the third column of Table 12.5. The appropriate value of Q 
for calculation purposes is thus about 1.2 x 10° Btu/(hr)(ft*). Since k for 
uranium is 14 Btu/(hr) (ft?) (°F/ft) and a is 0.075 in., it follows that 


(1.2 X_10*)(0.075/12)? 
(2)(14) 
170°F. 


The maximum (hot-channel) temperature within the uranium fuel element is 
thus 600 + 170 = 770°F, which is considerably below the safe limit (§ 12.115). 

12.208. A similar study for the second pass shows that the maximum hot- 
channel temperatures do not exceed those derived above for the central portion 
of the reactor. It may be concluded, therefore, that the proposed reactor design 
will form a satisfactory basis for further study. A more detailed correlation of 
the reactor system with the steam-turbine system and the results obtained from 
exponential, critical, and hydraulic experiments with a core mock-up will permit 
development of the details of the final design. 

12.209. It should be mentioned that the procedure just described, which 
commenced with an assumed reasonable value of the specific power (§ 12.194), 
is not the only method for approaching the reactor design problem. In some 
cases, the design may begin with dimensional restrictions; for example, if the 
reactor is to be mobile or transportable. In others, the starting point may be 
the maximum surface temperature. However, in all instances, the same gen- 
eral treatment is involved, although the calculations are not necessarily per- 


formed in the order given above. 


(to me t1) max = 


Cuancrs IN THERMAL DesIGN PARAMETERS 


12.210. In the foregoing discussion the only design parameter changed in the 
course of the calculations was the thickness of the fuel plates, from 0.20 to 0.15 
in., because the preliminary estimates showed that the larger value would lead 
to unacceptable temperatures. In general, a decrease in the thickness of the 
fuel element, since it is accompanied by an increase in the heat-transfer area, 
results in a decrease in the temperature difference between the metal surface 
and the coolant and in the temperature drop within the fuel element itself. 
Both of these changes are advantageous in providing increased flexibility in 
other aspects of the design problem. ‘There are, however, other ways in which 
the reactor design may be changed to provide more desirable heat-transfer 
conditions. ; 

12.211. An increase in the mass flow rate of the coolant, for example, withow 
change in the heat-transfer area or flow cross section, will result in an increase 
in the heat-transfer coefficient due to the increase in the flow velocity. The 
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same result can be achieved by keeping the mass flow rate and heat-transfer 
area constant and decreasing the flow area. This is essentially what happens 
when the number of passes of the coolant through the reactor is increased by 
the use of baffles. These changes would be more beneficial for water as coolant 
than for a liquid metal, since for the latter the effect of flow velocity on the heat- 
transfer coefficient is relatively small. It should be noted that all the design 
changes considered above are accompanied by an increase in the pressure drop 
of the coolant and, hence, by an increase in the pumping power required. This 
drawback may or may not be significant in comparison with the advantages to 
be gained. 

12.212. The maximum power output of the reactor can be increased by de- 
creasing the ratio of maximum to average heat flux by making the volumetric 
heat-production rate more uniform throughout the core, ie., by “flattening”’ 
the neutron flux, as a result of an appropriate distribution of the fuel or by the 
use of neutron absorbers (see § 11.44). The temperature rise of the coolant is 
then almost the same in all the channels and higher specific powers can be 
attained. Uniform temperature rise can also be achieved by appropriate ori- 
ficing of the coolant channels, i.e., by adjusting the rates of flow of the coolant 
through the channels, so that the temperature rise is almost the same in each 
one (§ 11.45). , 


ECONOMIC ASPECTS OF NUCLEAR POWER * 


REVIEW oF Cost ESTIMATES 


12.213. A number of estimates have been published of the capital costs of 
large-scale (electrical capacity of 100 Mw or more) nuclear power plants and of 
the cost of electricity at the bus bar of these plants, but they vary over a wide 
range. } There are several reasons for the considerable variation in the conclu- 
sions reached. In some cases the estimates are high because some research and 
development costs have been included and because conservative assumptions 
were made with regard to technical and nontechnical economic factors. On the 
other hand, the lower estimates are postulated upon the realization of all fore- 
seeable advances in technology, and so are applicable to nuclear power plants 


* This section is based on a review prepared by J. A. Lane (private communicati 

t W. H. Zinn, Nucleonics, 10, No. 9, 8 (1952); C. Starr, zbid., ii, No. 1, 62 (1953) a Lane, 
ibid., 12, No. 6, 12 (1954); 13, No. 1, 24 (1955); J. A. Lane and 8. McLain, Chem. Eng. Prog., 
49, 287 (1953); W. E. Abbott, zbid., 50, 245 (1954); D. E. Ferguson, Scientific Monthly, 79, 
125 (1954); F. K. McCune, Atomic Industrial Forum Report, July 1954, p. 62; T. Stern Chem. 
Eng. Prog. Symposium Series, No. 11, 80, 177 (1954); T. 'T. Shimazaki, ibid., No. 12, 50, 113 
(1954); C. A. Rennie, ibid., p. 222; see also, ‘Reports to the U. 8. Atomic Energy Commission 
on Nuclear Reactor Technology,” U. 8. Government Printing Office, May, 1953; Nucleonica 
11, No, 6, 49-64 (1958) ; Commonwealth Edison-Public Service Co, of Northern Tlinoia Roport 
CEPS-1111 (unpublished); Foster Wheeler-Diamond Alkali-Pioneer Service Nucloar Power 
Project, Report NEA-5301 (unclassified summary); “Atomic Dnergy in Industry,” Srd Annual 
Conf,, National Induatrial Conference Board Proceedings, 1055, eh 
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which might be built after more experience has been gained in their design, 
construction, and operation. However, if all the data are reduced to a com- 
parable basis, as they are in Fig. 12.9, the general conclusion to be drawn is 
that, after the advantages of expected improvements in technology have been 
realized, the cost of nuclear power is estimated to be 6 to 7 mills/kw-hr for all 
five types of reactors which appear to show promise for the near future. 





3 COST REDUCTIONS DUE TO POSSIBLE 
ADVANCES IN REACTOR TECHNOLOGY 


MILLS /KW-HR 





° 
PRESSURIZED BOILING SODIUM- THERMAL FAST 
WATER WATER GRAPHITE BREEDER BREEDER 
(HOMOGENEOUS) 


REACTOR TYPE 


Fig. 12.9 Comparison of cost of electricity from reactors of various types. (J. A. Lane) 


12.214. In all cases, however, the conclusions are greatly influenced by such 
factors as safety precautions, reactor lifetime, fuel-element lifetime, continuity 
of plant operation, and the charges to be made for nuclear fuels and other special 
reactor materials. It would appear to be impossible, therefore, to make a 
realistic estimate of costs without actual reactor construction and operating 
experience, and without more definite information concerning the charges for 
special materials which are under government control. This means that it is 
not possible to decide from estimates based upon assumed capital costs, operating 
conditions, and accounting procedures whether or not nuclear power will be. 
competitive with power from conventional (fossil) fuels. Such estimates do, 
however, provide the groundwork for establishing the conditions under which 
nuclear-fueled plants will be competitive with those using coal or oil as fuel, 
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CompaRISON oF NUCLEAR AND CONVENTIONAL PowER PLANTS 


12.215. There are a number of special features of a nuclear power plant which 
influence the cost of power produced, and these will be reviewed briefly. First, 
the radioactivity in the nuclear reactor plant represents a hazard not encountered 
in conventional power plants. As seen in Chapter IX, all necessary precau- 
tions must be taken to reduce this hazard to the point where it can be tolerated 
by operating personnel and where it will not represent any inconvenience or 
danger to the surrounding population. This means added construction costs 
for shielding and to prevent the escape of radioactive materials; there are also 
increased operating costs because of the necessity for regular inspection and 
because of the difficulties associated with handling materials and maintaining 
equipment. 

12.216. Second, the capital cost of a nuclear plant includes that of special 
materials, e.g., heavy water, zirconium, high-purity graphite, sodium, and (pos- 
sibly) titanium. The total capital investment in a nuclear plant may thus be 
higher than in a coal-fired plant. However, this increase in cost may be par- 
tially offset by the decrease due to the reactor and heat exchanger (steam gen- 
erator) being smaller in size than the corresponding boiler and coal-handling 
facilities (see Fig. 1.1). 

12.217. Third, in general, nuclear plants will produce steam at somewhat 
lower temperatures and pressures than modern plants using fossil fuels, and so 
the former will have lower thermal efficiencies. The possibility of reducing the 
net cost of nuclear fuel, by conversion or breeding, to the point where it is con- 
siderably less than that of conventional fuel, however, makes the difference in 
thermal efficiencies less significant. The net effect of lower steam temperatures 
in nuclear plants on the cost of power may thus not be great. 

12.218. Finally, the sale of fissionable material and of isotopes produced in a 


- nuclear reactor may have an important bearing on nuclear power economics. 


In this connection, the development of uses for mixed or isolated fission products, 
which appears probable (§ 7.215, et seg.), may provide an additional source of 
revenue. 

12.219. Because of these differences between nuclear and conventional power 
plants the distribution of capital charges and operating costs will not be the 
same, even though the ultimate power costs are comparable. In Table 12.6 
there is given what appears to be a reasonable breakdown of the costs of a 
(heavy-water moderated) nuclear plant with an electrical capacity of 200 Mw, 
based on the assumption that power can be produced at the bus bar for 6.7 
mills/kw-hr. The capital cost, apart from fuel and special materials, is seen 
to be $190/kw. A conventional plant, producing power for the same price, 
should cost $150/kw. 
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Factors INFLUENCING NucLEAR Power Costs 


12.220. It should be emphasized that the costs quoted in Table 12.6 for a 
large-scale nuclear plant are based on the somewhat arbitrary choice of 6.7 
mills/kw-hr, which is the average cost of power from ccal-fired plants. In 
actual cases the costs will undoubtedly differ from these values, depending upon 


TABLE 12.6. ESTIMATED COSTS OF PLANTS OF 200 MW CAPACITY 
BASED ON ASSUMED 6.7 MILLS/KW-HR FOR ELECTRICITY 








Nuclear Power Plant Conventional Plant 





Capital* Power Capital* Power 
Cost Cost Cost Cost 
($/kw) (mills/kw-hr) ($/kw) (mills/kw-hr) 
Capital Items 

Reactor structure and controls 25 
Reactor building 10 
Heat-removal equipment 35 
Turbine plant 70 
Turbine plant buildmg and site 

facilities 30 
Miscellaneous electrical equip- 

ment 20 
Total 190 4.1 150 3.2 

Inventory Items 
Nuclear fuel 30 
Special materials (heavy water) 30 
Total 60 1.1 
Operating Items 

Fuel consumption 0.5 2.8 
Operation and maintenance 1.0 0.7 
Total power cost at bus bar 6.7 6.7 





* Based on 80 per cent load factor and 15 per cent annual charges. 


the type and design of the reactor, and on the total power output of the plant, 
as well as on various technical and nontechnical factors, such as safety, con- 
tinuity of operation, and material costs. The influence of these factors on 
nuclear power costs is discussed below. 


Reactor Type 


12.221. It is apparent from Fig. 12.9 that, for the systems which now ap 
to be the most promising, and assuming that reasonable advances in technol 
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will be realized, the cost of power produced will not be greatly dependent upon 
the type of reactor. Although some variations in cost are indicated, it is not 
possible to say, until further experience has been gained, whether they are sig- 
nificant or not. In making these estimates it is assumed, of course, that the 
particular designs represent the optimum combination of nuclear and heat- 
transfer requirements. It should be mentioned, finally, that new technical 
discoveries, at present unforeseen, may change the situation with regard to 
nuclear power costs, although it does not seem probable that these changes 
will be very great. 


Power Plant Capacity 


12.222. Because of the decrease in capital charges per kilowatt-hour, it is 
likely that the cost of electricity will decrease with increasing power output of 
the plant. In very large nuclear plants, the cost of power may be small, but 
such plants must be regarded as competing with conventional plants of large 
base-load which already produce power at low cost, e.g., 3 to 4 mills/kw-hr. At 
the other extreme, small nuclear plants, located in remote areas, may produce 
power for 15 to 20 mills/kw-hr and yet still compete with small diesel plants or 
coal-steam plants. The reason for this is the high cost of transporting fuel for 
conventional power plants as compared with the negligible cost for nuclear fuel. 


Safety Precautions ° 


12.223. According to the formula given in § 9.7, a nuclear power plant would 
require about an acre of exclusion area for each kw of installed electrical capacity. 
This might add from 2 to 8 mills/kw-hr to the cost of power, depending upon the 
value of the land, and so would make nuclear power uneconomical. An alterna- 
tive approach is to put the reactor underground, as is being done with the PWR 
at Shippingport, Pennsylvania, or provide a building which would contain any 
radioactivity that might escape from the reactor in the event of an accident. 
It has been estimated that this type of precautionary measure will add something 
of the order of $1,000,000 to the cost, but for a large-scale plant this would 
represent no more than a per cent or so of the total capital outlay. 


Continuity of Operation 

12.224. The reliability with which the reactor operates, with respect to supply- 
ing the load demand, and the lifetime of the reactor and its associated equipment 
are important economic considerations. Since experience in the operation of 
nuclear power plants is lacking, it has been assumed in various cost studies that 
the reactor will last anywhere from 5 to 20 years and operate at load factors 
ranging from 70 to 90 per cent, Since capital costs of nuclear plants are likely 
to be high, it is necessary to achieve long reactor life and high load factors if 
power is to be produced economically, At the present time it is not possible to 
say to what extent these aims will be achieved, 
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Cost of Special Materials 


12.225. Essentially all power reactors, of no matter what design, will require 
some special material or another. The cost of zirconium (or possibly titanium) 
as fuel cladding, heavy water, beryllium, or high-purity graphite as moderator, 
and sodium as coolant, will have an important influence on nuclear power eco- 
nomics. However, in well-designed reactors of high power density the cost per 
kilowatt-hour of such materials can probably be kept within reasonable limits. 
In any event, with increasing production experience and demand for these sub- 
stances, the cost will probably decrease in time. 


Cost of Nuclear Fuel 


12.226. There are two distinct aspects of the cost of nuclear fuel which must 
be considered: first, the capital cost of the fuel inventory and the corresponding 
annual charges and, second, the cost of the fuel (fissionable material) actually 
consumed in the reactor. Since all fission- 
able and fertile materials are under goy- 
ernment control, it may be presumed that 
the fuel will be loaned to the power plant 
which will pay a rental charge for its use. 
If this charge is kept as low as 4 or 5 per 
cent, fissionable and fertile material inven- 


5 


NO Pu RECOVERY 


a * . 
Tt 3 tory costs should be quite moderate in 
= properly designed systems. The inventory 
oO cost given in Table 12.6 is based on an as- 
4 RECOVERY AND ; 

3 2 SALE OF Pu sumed charge of 10 per cent on the capital 


value of the fuel. 

12.227. The net cost of the fuel con- 
sumed in a nuclear plant is a function 
of many interrelated variables, e.g., cost of 
ore, extraction costs, type of fuel, degree of 
enrichment, fuel-element fabrication costs, 
0 10,000 20,000 30,000 fuel-cycle time, ie., degree of burn-up, 

MWD/T cost of processing spent fuel elements and 
fertile material from breeder, and, finally, 
thermal efficiency of the power system," 
In any given case it is necessary to CON 
sider all these factors and to balance the 
fuel costs against fixed costs, as is done in conventional power plants. 

12.228. Some indication of the effect of burn-up on the cost of fuel consumed 





Fig. 12.10 Effect of burn-up on cost 
of nuclear fuel per kilowatt-hour of 
electricity. (J. A. Lane) 


in a power reactor is given by the curves in Fig. 12.10; the fuel is slightly enriched . 


uranium (1 to 2 per cent uranium-235), this being an attractive material for 


*Cf. W. H. Zinn, Nucleonics, 10, No. 9, 8 (1952); M. Benedict, Ind. Bng, Chem, 45, 2379 
(1953); 'T. M. Snyder, Proc. Conf. on Nue. Hng., Berkeley, 1958, O-t1, 


te 
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various types of reactors. The basis of the calculations is a cost of $15/Ib for 
U;03 with credit for unconsumed uranium-235, and a thermal efficiency of 25 
per cent. The upper curve in Fig. 12.10 refers to the case in which there is no 
recovery of the plutonium-239, produced by conversion of the uranium-238, and 
the lower for a system in which a credit of $20/gram, which is essentially its fuel 
value (§ 12.89), is applied for the plutonium-239 recovered. The burn-up of 
fuel is expressed in terms of megawatt-days of exposure in the reactor per ton of 
fuel, represented by MWD/T. 

12.229. The cost of the nuclear fuel consumed as given in Table 12.6, on the 
basis of an assumed cost of 6.7 mills/kw-hr for power, is only 0.5 mill. This 
means that, for the conditions to which Fig. 12.10 applies, a fuel burn-up equiva- 
lent to about 14,000 MWD/T must be attained, assuming recovery and sale 
of the plutonium produced. If the reactor contains 50 tons of fuel, which is not 
unreasonable, this exposure corresponds to a fuel cycle of nearly two years, i.e., 
the reactor would have to be reloaded every two years, assuming a (heat) power 
output of 1000 Mw. 

12.230. In a breeder reactor, in which there is no net consumption of fuel, 
costs are dependent upon the expense of recovering the fuel from the spent 
elements and the fissionable species from the fertile blanket. It has been 
estimated that processing costs of enriched material must be reduced to the order 
of $1 to $2/gram of fuel if economic operation is to be achieved. 


Cost of Reactor Components and Associated Equipment 


12.231. Because of the nature of most nuclear systems, the reactor components 
and other equipment have more in common with those encountered in a chemical 
plant than in a conventional power station. This is because the primary heat- 
transfer medium is either a high-pressure coolant, a liquid metal, or a somewhat 
corrosive solution or slurry. The handling of such materials involves, in all 
cases, the use of stainless steel or more expensive metals, and special equipment, 
such as canned-rotor and electromagnetic pumps, leak-proof heat exchangers, 
special valves, and large pressure vessels. To reduce the cost of this equipment 
will require the development of an industry to produce the required items on a 
more-or-less routine basis. Even if this possibility is realized, the achievement 
of economic nuclear power will depend ultimately upon the ability of the engineer 
to design and construct an efficient and reliable reactor system. 


Sympous Usrep IN CHaprer XII 


Ay coolant flow area 

Ah heat-transfer area 

a radius of cylindrical fuel element 
a half-thickness of fuel plate 

B buckling 

C conversion ratio 
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Cp specific heat 

D. equivalent diameter of coolant passage 

g weight of fissionable material in grams 

A effective (over-all) heat-transfer coefficient 

h heat-transfer coefficient 

k thermal conductivity 

P reactor power 

p resonance escape probability ; 

Q volumetric heat source (rate of heat removal or production per unit 
volume) 

q rate of heat removal from reactor 

Qmnax maximum rate of heat removal 

r isotope ratio (No35/N 238) 

to temperature in interior of fuel element 

ty temperature of coolant fluid 

lin inlet temperature of coolant to reactor 

him limiting temperature in reactor 

tout outlet temperature of coolant from reactor 

tsat saturation temperature of water 

At. increase in temperature of coolant 

At, temperature drop from fuel element surface to coolant 

(At,)max maximum surface temperature drop 

v flow rate of coolant 

w mass flow rate of coolant 

a ratio of capture (nonfission) to fission cross sections 

€ fast-fission factor 

n fission neutrons liberated for each neutron absorbed in fuel 

v fission neutrons liberated for each neutron causing fission 

p density 

Lo35 macroscopic absorption cross section of uranium-235 

Loss macroscopic absorption cross section of uranium-238 

235 microscopic absorption cross section of uranium-235 

238 microscopic absorption cross section of uranium-238 

oF microscopic fission cross section 

T Fermi age of (resonance) neutrons 

o neutron flux 


PROBLEMS 


1. Compare the heat-transfer and nuclear properties of a natural-uranium fuel element 


in the form of a cylinder 0.5 in. in diameter clad with a 0,02-in. thickness of aluminum, _ 


with a 4-in. wide plate-type element of the same cross-sectional area and having the same 
thickness of cladding. 

2. A reactor, employing natural uranium as fuel and heavy water as moderator and 
coolant, is to have a heat power output of 200,000 kw, The cylindrical fuel. rods are to 


— te 
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have a diameter of 0.25 in., with an aluminum cladding 0.02 in. thick, and the heavy water 
is to enter the reactor at 400°F and to leave at 500°F. Assuming that the weight ratic 
of heavy water to fuel in the reactor, needed to satisfy nuclear requirements, is 2 to 1, 
perform the preliminary design calculations. Comment on the effectiveness of this re- 
actor and indicate directions in which improvements might be possible. 

3. Estimate the value of the initial conversion ratio for the reactor described in the 
preceding problem. 

4. A sodium-cooled, graphite-moderated reactor is to use stainless-steel clad, plate-type 
fuel elements of 2.0 per cent enriched uranium. The liquid sodium is to enter the reactor 
at 700°F and leave at 1000°F, and the heat power output is to be 100 Mw. Assuming 
that the weight of graphite must be three times that of the fuel, develop a preliminary 
design for this reactor and its associated turbogenerator steam system. 

5. An alternative to a two-pass flow system for the coolant would be to use a single 
pass but to vary the composition of the fuel in different parts of the core. Suggest a 
reactor design based on this concept and consider its advantages and disadvantages. 

6, The following suggestions have been put forward as possible bases for reactor designs: 
(a) heavy water moderator and liquid sodium as coolant and (6) steam at high tempera- 
ture as the (gaseous) coolant. Develop possible designs and operating conditions and 
comment on the value of the suggestions. 
































Chapter XIII’ 


DESCRIPTIONS OF NUCLEAR REACTORS 





INTRODUCTION 


13.1. The short descriptions given below are restricted to reactors which 
already exist or will definitely be completed in the near future. Reactors that 
are still in the conceptual design stage, such as those proposed by the various 
industrial groups (§ 1.23) and the Brookhaven LMFR (§ 12.141), will not be 
described here. Although some of the material cortained in this chapter has 
been given in earlier sections of the book, it seemed worth while to collect the 
available information in one place for convenience. 

13.2. Most of the reactors described have been designed for experimental 
purposes, being either research reactors or reactor experiments, and few are of 
advanced design. Although the EBR-1 and the HRE-1 have generated elec- 
trical power the quantities are not large. The only reactors definitely known 
to be capable of producing substantial amounts of power by early 1955 are the 
land-based prototype of the STR and its successor installed in the U.S.S, 
Nautilus, but little information concerning the design of these reactors has been 
released. In spite of the limitations, it is hoped that the descriptions and figures 
which follow will give some indication of how certain design considerations 
have been implemented in reactor construction. ft 

13.3. The nature of the moderator will be taken és a basis for classification; 
thus, reactors moderated by (1) graphite, (2) heavy water, and (3) ordinary 
water will be considered in this order. This will be followed by a reference to 
unmoderated, i.e., fast, reactors. To a large extent, the order adopted follows 
the historical development of nuclear reactor design. 


GRAPHITE-MODERATED REACIORS 
Chicago Pile-1 (CP-1) ft 
Fuel: about 40 tons natural uranium (6 tons as metal, the remainder as oxide, mainly 
UO, and some U3Q0s) 


* Reviewed by J. A. Lane and N. F. Lansing. 

+ For tabulated summaries of the important characteristics cf many reactors, see IH, 8, Isbin, 
Nucleonics, 10, No. 8, 10 (1952); 11, No. 6, 65 (1953), 

tE. Fermi, Report AECD-3269; Amer, J. Phys., 20, 587 (1952); seo also Report TID-202, 
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Moderator: 385 tons graphite (including 92 tons reflector) 

Reflector: 1 ft graphite 

Shield: none 

Over-all dimensions: 244 < 244 x 19 ft high 

Controls: 1 safety, 1 shim, 1 regulating (cadmium strip or boron steel) 
Coolant: ambient air 

Power: 0.5 watt (operated at 200 watts for short time) 


13.4. The first self-sustaining nuclear chain reaction was realized in the 
Chicago Pile-1 (CP-1) on December 2, 1942; this natural uranium-graphite 
reactor was constructed on a squash court under the West Stands of Stagg 
Field, University of Chicago. The structure consisted of crisscross layers of 





i 


Fig. 13.1 CP-l during construction, showing 18th layer containing fuel lumps and 
10th layer of graphite only, (Argonne National Laboratory) 
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graphite blocks, approximately 44 x 4§ X 163 in. in size; holes were made 83 in. 
apart in some of the blocks in alternate layers, and in these were placed a total 
of nearly 20,000 short cylinders of either uranium metal (2% in. diameter by 
23 in. long) or oxide (3 in. X 3 in.). The size of the fuel lumps and their spac- 
ing, i.e., a square lattice with an 8}-in. pitch, were chosen to give the maximum 
value of the infinite multiplication factor (§ 3.177) in order to minimize the 
uranium requirements. The eighteenth layer, containing fuel, and the nine- 
teenth layer, consisting of graphite alone, are seen in Fig. 13.1, which is the only 
photograph taken during the construction of CP-1. It was because the layers 
were piled one upon the other that the name “‘pile’”’ was adopted to describe the 
arrangement. 

13.5. According to the original design calculations, the active part of the 
reactor was to have been spherical, but it became critical sooner than expected. 
Consequently the final shape approached that of a sphere with a flattened top. 
The control rods were located in horizontal slots in the graphite layers and were 





Fig. 13.2 Sketch of completed CP-1 (by Melvin Miller). 
(Argonne National Laboratory) 


at first operated manually, as shown in the drawing in Fig. 13.2." This draw- 
ing also shows the incompleted upper layers and the neutron detecting chambers 
suspended in front of the reactor. Hand manipulation of the regulating rods 
was soon replaced by motor control, and an electrically operated solenoid was 


* The drawing also shows the balloon cloth (partially rolled up) which could have been used 
to enclose the Sane. Because of the uncertainty of the critical calculations and ” per 
availability of uranium, it was thought that the air might have to be replaced w : ay high 
dioxide or helium, in order to eliminate the poisoning effect of nitrogen, with its relativ he 
cross section for thermal neutrons, However, as events turned out, this proved to be unn 
sary, 
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used in conjunction with an ionization chamber to trip a weight which pulled a 
safety rod into the reactor in an emergency. CP-1 was generally operated at 
the low power of 0.5 watt, although the power was increased to 200 watts for a 
short time. Owing to the absence of a shield, the power had to be kept low to 
protect operating personnel. 


Chicago Pile-2 (CP-2) * 


Fuel: 45 tons natural uranium (10 tons as metal, the remainder as oxide, mainly UO.) 
Moderator: 472 tons graphite (including 127 tons reflector) 

Reflector: 1 ft graphite 

Shield: 5 ft concrete at sides, 4 ft wood and 6 in. lead at top 

Over-all dimensions: 30 X 32 X 25% ft high 

Controls: 3 safety, 1 shim, 2 regulating (cadmium strip on steel) 

Coolant: ambient air 

Power: usually 2 kw 

Thermal flux (av): 3 X 10% neutrons/ (em?) (sec) 


13.6. Toward the end of February, 1943, CP-1 was dismantled and the mate- 
rials, together with additional uranium metal, were used in the construction of 


CADMIUM SHEET GRAPHITE THERMAL COLUMN 









CONCRETE SHIELD 


SAFETY RODS 


REGULATIN 
TO ION CHAMBER : 





URANIUM~GRAPHITE 





RODS 
LATTICE SHIM ROD 
GRAPHITE REFLECTOR (MANUAL ) 


REMOVABLE STRINGERS 


Fia, 13.3 Cutaway drawing of CP-2 at Argonne National Laboratory, 
(Argonne National Laboratory) 
* See references to CP-1, also Report CP-2459, 


t The over-all dimensions given here and elaowhere in thin chapter include the ableldy other 
dimensions will be found in the text, 
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CP-2 at the Palos Park site of what is now the Argonne National Laboratory, 
near Chicago. The active lattice is in the form of a rectangular parallelepiped, 
approximately 18 ft wide, 20 ft long, and 19 ft high, with a 1-ft graphite reflector 
and a 44-to-5-ft shield on all sides; the total weight is 1400 tons (Fig. 18.3). 
Since heat is removed only by conduction through the shield, the normal oper- 
ating power is limited to 2 kw, but this has been increased to 100 kw for periods 
of an hour or more. 

13.7. The reactor has a number of experimental facilities, consisting of slots 
or channels, made by removal of graphite blocks from core and reflector. These 
can be used for the exposure of materials to neutrons or to obtain beams for 
experiments outside the reactor. In the top of the reactor is a “thermal col- 
umn,” consisting of a 5 X 5 ft column of graphite blocks, extending from the 
reactor core through the wood and lead shield, as shown in Fig. 13.3. The top 
of the thermal column is covered with cadmium; this has an adjustable opening 
through which neutrons are permitted to escape when required for experimental 
purposes. These neutrons are completely thermalized, with few, if any, having 
energies in excess of the thermal value. If the thermal column is long enough 
(i.e. > 6 ft), and the neutron beam is well collimated, the only neutrons emerg- 
ing will be those with energies less than 0.0018 ev, the others having been re- 
moved by scattering.* 


Graphite Low Energy Experimental Pile (GLEEP) + 
Fuel: 33 tons natural uranium (13 tons as metal, remainder as UOz); cylindrical 
Moderator: 550 tons graphite (including reflector) 
Reflector: 2 ft graphite (octagonal) 
Shield: 5 ft concrete (cubic) 
Controls: 6 safety, 4 shim, 1 regulating (cadmium) 
Coolant: air at 5000 ft?/min 
Power: 100 kw 
Thermal flux (av): 3 X 10" neutrons/(cm?) (sec) 


13.8. The Graphite Low Energy Experimental Pile (GLEEP) at Harwell, 
England, is somewhat similar to CP-2, but, having forced air cooling, it can 
operate normally at 100 kw power. To prevent oxidation of the uranium, at 
the higher surface temperatures, both the uranium metal and the oxide are 
canned in aluminum. The cylindrical fuel elements are arranged in lines, 
rather than in individual lumps as in CP-2, in a square lattice of 1760 channels 
on 73-in. centers. The core is in the form of a cylinder about 20 ft in diameter 
and 17 ft high. 


*See S. Glasstone, “Sourcebook on Atomic Energy,’ D. Van Nostrand Oo., Tne., 1950, 
§§ 11.89, 14.86. 

+F. C. W. Colmer and D. J. Littler, Mngineering, 170, 497 (1950); Nucleonics, 8, No, 1, 
3 (1951); see also, Chem, Eng. News, 29, 118 (1961); Atomica, 2, 51 (1951). 


| 
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Oak Ridge Graphite (X-10) Reactor* 
Fuel: 54 tons uranium metal 


Moderator: 620 tons graphite (including reflector) 
Reflector: 2 ft graphite 

Shield: 2 ft ordinary concrete + 5 ft special concrete 
Over-all dimensions: 38 X 47 X 32 ft high 

Controls: 3 safety, 2 shim, 2 regulating 

Coolant: air at ~120,000 ft*/min (7250 Ib/min) 
Power: 3800 kw 


Thermal flux (av): 5 X 10" neutrons/(cm2) (sec) 


13.9. The Oak Ridge Graphite Reactor, often referred to as the X-10 reactor 
because of the map designation of the site, was completed in November, 1943 
It was intended to serve to some extent as a pilot plant, bridging the ep bas 
tween CP-2 and the Hanford reactors, and also to provide gram quantities of 
plutonium required for testing the chemical separations process for the treatment 
of spent fuel. However, from the beginning this reactor has been used both as 
a research tool and for training personnel in reactor operation. Another impor- 
tant function of the X-10 reactor is the production of: isotopes by exposure of 
various elements to neutrons. The reactor was originally designed to operate 
at 1000 kw, but modifications, including the installation of new fans to provide 


GRAPHITE 





I ' : . ‘ 
Nia. 13.4 Graphite-uranium lattice 


*M. Ei, Ramsay and C, D, Cagle, Chem, Eng, P Sympoai Jerk 
(1084)} p06 aleo Necelonwtens io, 2et ot rosa” vog, Symposium Seriea, No, 11, 50, 149 


























794. PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [13.9 


additional cooling, permitted the power level to be raised to an average of 
ae. The basic structure of the reactor, including the moderator, is @ 24-ft 
cube of graphite blocks, each being 4 in. square and about 50 in. long. ae 
tudinal V-shaped cuts are made in adjacent blocks so that they form 1{-in. 
square channels running right through the reactor (from east to west). There 
are 1248 of these channels, spaced on 8-in. centers, and in them are inserted rs 
fuel elements (Fig. 13.4). The latter consist of short cylinders or slugs” of 
natural uranium metal, 4 in. long and 1.1 in. in diameter, weighing roughly 
2.57 Ib, with a cladding of 2S aluminum about 0.035 in. thick to protect the 
uranium from attack and to retain the fission products. The slugs are loaded, 
end to end, into the reactor, with 39 to 54 slugs per channel, to form what i 
essentially a long cylinder of fuel. The short slugs are easier to fabricate an 

are also more convenient to handle in loading and unloading the reactor than 


long rods. 
SAFETY ROD 
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Fia. 13.5 Cutaway drawing of (X-10) natural uranium-graphite reactor at Oak Ridge 
National Laboratory, (Oak Ridge National Laboratory) 
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13.11. The graphite cube is separated from the shield by a 3-ft wide air 
chamber in front (east) and a 6-ft wide chamber at the back (west); as will be 
seen shortly, these act as plenum chambers for the air cooling the reactor. The 
shield consists of three layers: the inner and outer layers are each of ordinary 
(steel reinforced) concrete 1 ft thick, whereas the middle layer, 5 ft thick, is a 
special concrete mixture containing the clay mineral haydite, to retain water, 
and barytes aggregate to increase the density (§ 10.44). It is doubtful, how- 
ever, if the haydite serves its intended purpose of improving the neutron absorp- 
tion properties. Nevertheless, the shield has proved effective in reducing the 
radiation well below the maximum permissible exposure, even though the oper- 
ating power is nearly four times the design level. 

13.12. The 3-ft wide space between the shield and the front of the graphite 
cube is bridged by a number of steel tubes, one corresponding to each fuel chan- 
nel. These pass through the shield and are normally closed by plugs at the 
reactor (east) face (Fig. 13.5). To load the reactor the shield plugs are removed 
and the required number of fuel slugs are pushed manually into the core, em- 
ploying long steel rods. In order to unload the reactor, when shut down, the 
rods are used to push out the spent fuel plugs at the rear end of the reactor. 
Here the discharged plugs strike slanted plates and slide into a pool of water 
20 ft deep; the water serves as a radiation shield, under which the spent fuel 
slugs can be manipulated with long-handled tools. By introducing fresh fuel 
slugs and pushing them along the channels the reactor can be simultaneously 
unloaded and reloaded. To obviate the danger from radiation the reactor must 
be shut down when performing these operations. About half an hour is allowed 
for decay of radioactive aluminum-28 and short-lived, highly active fission 
products. 

13.13, The atmospheric air for cooling the reactor is first drawn, at the rate 
of 7250 Ib/min, through filters to remove dust particles which might become 
radioactive; it is then passed up the 3-ft plenum chamber at the front of the 
reactor. From the chamber, the air enters the spaces in the fuel channels around 
the slugs; slots cut in the bridge tubes, mentioned above, provide additional 
space for entry of air. After passage along the tubes the heated air is withdrawn 
from the 6-ft plenum chamber at the rear of the reactor into filters which remove 
essentially all the radioactive particles present. The exhaust air now enters two 
900-hp fans which discharge it to the atmosphere through a 200-ft high stack. 
By drawing the air through the system in this manner, the interior of the reactor 
is maintained under reduced pressure, so that there is no danger of radioactive 
air leaking out into the reactor building. 

13.14. ‘To protect the concrete shield at the rear of the reactor from the hot 
air in the exit plenum chamber, there is a 2-in, layer of an insulating material, 
Cellamite, separated from the shield by a 4-in. space. The passage of cool air 
through this space also helps to remove some of the hoat arising from the absorp= 
tion of gamma rays and the slowing down of neutrons in the first few inches of 
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the concrete. A temperature maximum occurs at a depth of about 1 ft within 
the shield. 

13.15. The three safety rods, which shut the X-10 reactor down quickly in 
the event of an emergency, consist of cadmium encased in steel. They are 
suspended vertically, through the top shield, from cables wound around drums 
held by electric brakes. If safety signals indicate that the reactor should be 
shut down or if there is a power failure, the brakes are released and the rods 
fall into the reactor. Normal shut-down is achieved by the same mechanism. 
As a back-up safety, to be used as a last resort, boron-steel shot, released from 
containers hanging above the reactor, drops into holes in the core. It is note- 
worthy that when the X-10 reactor was first operated there were seventeen 
conditions which caused the reactor to shut down automatically. With increas- 
ing experience these have now been reduced to nine without adding to the opera- 
tional hazards. This is an interesting illustration of the general type of simplifi- 
cation that may be expected in the design of power reactors in the future. 

13.16. The two shim rods, which are horizontal and enter the reactor from 
the north side, are made of steel containing 1.5 per cent of boron. For normal 
operation these rods are moved in and out of the reactor by electric motor, but 
to shut the reactor down, either deliberately or automatically in the event of an 
emergency, they are driven into the reactor, for their full length, by oil pressure. 
This is achieved by means of a solenoid-operated valve, which is normally closed 
but is opened by shut-down signals (or by power failure). The hydraulic pres- 
sure of the oil is then applied to a piston connected to the rod-drive system and 
the rod is forced into the reactor core (cf. § 6.86). 

13.17. The regulating rods are of boron steel, similar to the shim rods; they 
are also horizontal and enter the reactor from the north side. These rods for 
fine control of the power cannot be moved rapidly. They are driven electrically 
using hydraulic transmission, and their positions are recorded on indicators, 
calibrated in terms of reactivity, on the control panel. Because changes in 
reactivity during normal operation are small, automatic control has been found 
to be unnecessary. The rods are, therefore, moved in or out, as required to 
maintain the power level constant, by signals supplied manually at the control 
panel. 

13.18. The instrumentation of the X-10 reactor is similar to that described 
in Chapters V and VI. In addition to the use of ionization chambers and 
neutron thermopiles for flux measurements, the power level is determined from 
the product of the rate of flow of air through the reactor and the temperature 
rise. A special feature is the system of thermocouples, for determining actual 
temperatures, attached to the cladding of fuel slugs located in positions where 
the temperature is likely to be high. The operating power level of the reactor 
is adjusted so that in no case does the observed temperature of the fuel cladding 
exceed 245°C (473°F). 

13.19. The X-10 reactor has numerous openings, channels, and beam holes, 
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of several different sizes, that can be used for a variety of experiments with 
neutrons. The Lid Tank Shielding Facility, described in § 10.121, is located at 
the west face of the reactor. There is also a 5 X 5 ft thermal column which 
projects through the top shield (see Fig. 13.5). 


The Brookhaven (BNL) Reactor* 


Fuel: 60 tons natural uranium metal 

Moderator: 700 tons graphite (including reflector) 

Reflector: 34 ft graphite 

Shield: 9-18 in. steel + limonite-iron concrete up to 5 ft total 
Over-all dimensions: 38 < 55 X 30 ft high 

Controls: 14 shim-safety, 2 regulating 

Coolant: air at 270,000 ft/min 

Power: 28,000 kw 

Thermal flux (av): ~3 X 10" neutrons/(cm?) (sec) 


13.20. The Brookhaven National Laboratory (BNL) reactor, completed in 
August, 1950, was designed for research purposes with isotope production as a 
secondary objective. Although the neutron flux attainable in the reactor is 
not as high as in some other research reactors, e.g., NRX, MTR, it has more 
space for experimental facilities because of its larger size (Fig. 13.6). 

13.21. The general design of the BNL reactor is similar to that of the Oak 
Ridge graphite reactor. The core and reflector are in the form of a 25-ft cube 
made of graphite blocks; this cube is pierced by 1369 circular fuel channels, in a 
square array on 8-in. centers, in which the aluminum-clad fuel slugs are placed. 
The shield is of special iron-containing concrete having a density of 4.27 g/cm; 
it is enclosed in forms of 3-in. steel plate and so, with an additional 3 in. of steel 
around the reactor, there is an effective thermal shield 6 in. thick. 

13.22. Probably the most important design difference between the BNL and 
X-10 reactors lies in the cooling system. The active cube of the former is split 
vertically into two halves, with a gap of 2 to 3 in. between them. The filtered 
cooling air from the atmosphere is introduced here, where the neutron flux is 
highest, and then divides into roughly equal parts; the air then flows through 
the cooling channels toward the outer face in either half of the core (Fig. 13.7). 
Although the total mass rate of flow of air is less than three times that of the 
Oak Ridge X-10 reactor, the normal power level, which this cooling arrangement 
makes possible, is about six times as great. After passage through the fuel 
channels the air enters plenum chambers, 14 ft wide at the front of the reactor 
and 6 ft wide at the back. From these chambers the exhaust air is sucked 
through filters and is cooled before being discharged by fans to the 320-ft-high 
stack. The temperature of the air leaving the reactor at its full operating power 
is about 330°F and plans were made to use this heat for warming buildings. 
However, since a conventional standby heating plant was required, in any 


*L. B. Borat, Physica Today, 4, 6 (1051); Report ANCU-1080; y " 
No. 8 971 (100%), » 4, 6 (1051); Rey U-1089; noo alo Chem, ne 88, 
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Fic. 13.6 West face of reactor at Brookhaven National Laboratory. 
(Brookhaven National Laboratory) 
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event, when the reactor was shut down, the scheme for using the nuclear heat 
was abandoned. 

13.23. In order to keep as much as possible of the vertical faces and the top 
of the reactor available for experiments, the boron-steel control rods are all 
horizontal; they enter the reactor diagonally, eight from each of two corners. 
Each of the 14 emergency shim-safety rods is moved by its individual electric- 
motor-driven hydraulic system. If the main power fails, the energy stored in 
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Fig. 13.7 Flow of air through Brookhaven reactor. (Brookhaven National Laboratory) 


the fly wheel on the shaft of each electric motor is sufficient to drive the emer- 
gency rods into the reactor core. The two regulating rods are moved by an 
induction motor which is subject to automatic control once the reactor has been 
brought up to the desired power level. A manually controlled, back-up safety 
arrangement of boron-steel shot is available to shut down the reactor in the last 
resort.* 

13.24. In addition to the difference in the cooling system, the BNL and Oak 
Ridge natural-uranium reactors also differ in the method of fuel loading and 
unloading. The BNL reactor does not have bridge tubes across the front 
plenum chamber, and loading is achieved by placing removable troughs across 
the air gap. The spent fuel plugs are also withdrawn from the front of the 
reactor into the bridge troughs. From here the slugs are positioned by a 
remote-control device and lowered into a 20-ft deep pool of water, 


* Wor detaila of the control panel of the BNL reactor, seo Mig, 6.7, 
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13.25. Of the many experimental facilities available only a few need be chosen 
for special mention. Among these are the two large tunnels under the reactor 
which permit large animals for experiments or instruments to be located near the 
core. An endless chain of sample holders, extending through the reactor and 
the shield, permits the removal of exposed materials, e.g., radioisotopes, without 
shutting down the reactor. When a larger area of irradiation surface is re- 
quired, a 20-ft square section of the shield at the top of the reactor can be 
removed. The BNL reactor is also equipped for shielding design studies. 


British Experimental Pile (BEPO) * 


Fuel: 40 tons natural uranium metal (28 tons for criticality) 

Moderator: 600 tons graphite (including reflector) 

Reflector: about 3 ft graphite 

Shield: 6 in. cast iron + 6 ft barytes concrete 

Contrels: 10 vertical -+ 4 horizontal (steel tubes containing boron carbide) 
Coolant: air at 260,000 ft?/min 

Powers-6000 kw * vs 

Thermal flux (av): ~1 X 10” neutrons/(cm?) (sec) 


13.26. The British Experimental Pile (BEPO), at Harwell, England, used for 
research and radioisotope production, resembles the Oak Ridge X-10 reactor, 
although it has a larger,cooling’@apacity and, hence, operates at a higher power 
level. The core of the BEP® reactor is in the form of a right cylinder about 
20 ft in diameter and 20 ft high. The cylindrical fuel rods, 0.9 in. in diameter 
and 12 in. long, are loaded into channels, about 20 to a channel, which are 
spaced 73 in. apart in a square array. There are 1400 fuel channels running 
through the graphite matrix, but only about half of them, in the central region, 
are used in normal loading. The maximum permissible surface temperature of 
the aluminum-clad fuel rods (in cartridges) is 200°C (390°F). The heat in the 
exhaust air, which leaves the reactor at roughly 175°F, is used for warming 
buildings. 


Soprum-GRAPHITE REACTOR 


13.27. It was seen in Chapter XII that a reactor moderated by graphite and 
cooled with sodium has much to recommend it for nuclear power production, 
These materials have the advantage of permitting reactor operation at high 
temperatures, so that high thermal efficiencies for electrical power generation 
are possible. 

13.28. An experimental reactor of this type, called the Sodium Reactor Iix- 


* Nucleonics, 8, No. 6, 36 (1951); Atomics, 2, 176 (1951); 5, 115 (1954); J. Cockcroft, Proe, 
Inst. Elec. Eng. (Lond.), Part I, 100, 83 (1953). 

+ C. Starr, Atomic Industrial Forum Report, July 1954, p, 11; W. E. Parkins, Chem, Lng, 
Prog. Symposium Series, No. 13, 50, 58 (1954); see also “Report to the U, 8. Atomic Wnergy 
Commission on Nuclear Power Technology,” U. 8. Government Printing Office, May 1953, 
p. 12; Nucleonics, 11, No, 6, 62 (1953), 
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periment (SRE), is included in the A.E.C.’s development program.* The fuel 
rods of slightly enriched uranium, clad with stainless steel, will be held vertically 
in channels through which the liquid sodium flows. The core will consist of a 
number of cells containing graphite, enclosed in a metal (stainless steel or zir- 
conium) can, with a fuel and coolant channel at the center. The assembly of 
cells will completely fill a steel tank capable of withstanding the corrosion of 
liquid sodium at high temperature. The liquid sodium will enter the tank at 
about 500°F and will leave somewhere from 900° to 1000°F. The heat output 
of the SRE will be 20,000 kw; the design will resemble that of a full-scale power 
plant and there will be equipment for generating electricity. 

13.29. With the slightly enriched uranium fuel to be used, initially at least, 
a conversion ratio (to plutonium-239) of 0.9 is to be expected. The same system 
may later be operated as.a.thermal.power-breeder with uranium-233 as the 
fissionable species and thorium as the fertile material. Among the studies to 
be made with the SRE are investigations of fuel element, coolant, and structure 
temperatures, fuel burn-up, corrosion, ete: 


HEAVY-WATER-MODERATED Reactors: NatuRAL URANIUM FUEL 


Chicago Pile-3 (CP-3) t 


Fuel: 3 tons natural uranium metal 

Moderator: 63 tons heavy water (in cylindrical tank) 
Reflector: 2 ft graphite; heavy water at top 

Shield: 4 in. Pb-Cd + 7% ft concrete (octagonal) 

Over-all dimensions: octagonal, 26 ft across X 14 ft high 
Controls: 2 safety, 3 shim, 2 regulating 

Coolant: circulation of heavy-water moderator (200 gal/min) 
Power: 300 kw 

Thermal flux (av): 5 X 10" neutrons/(cm?) (sec) 


13.30. With the increasing availability of heavy water, the construction of a 
reactor using this material as moderator became possible, and the first such 
reactor, the CP-3, was completed in May, 1944, at the Argonne National 
Laboratory. The reactor was dismantled in January, 1950, because of sus- 
pected corrosion of the aluminum cladding of some of the fuel rods, and the 
natural uranium fuel was replaced with enriched fuel. The new reactor was 
named CP-3 prime (CP-3’) and this will be described later. Although CP-3 is 
no longer in existence as such, a description is of interest because its design was 
somewhat similar to other natural uranium-heavy water reactors of more recent 
construction, e.g., the Norwegian-Dutch (JEEP), and the Swedish reactors. 


* “Report on the Five-Yoar Power Reactor Development Program Proposed by the Atomic 
Energy Commission,” U, 8, Government Printing Office, March 1054, pr 12, 

t Nucleonica, 18, No, 5, 14 (1955), 

t Report ALCD-8415; W, 1H, McCorkle, Nucleonioa, 11, No, 6, 21 4 # A, Molain, Pree, 
Kjeller Conf, on Heavy Water Reactors, 1068, Joner Publications No. iD rT 



































802 PRINCIPLES OF NUCLEAR REACTOR ENGINEERING [13.30 


In any event, the reflector, shield, controls, and cooling system were not altered 
when the fuel elements of CP-3 were changed. 

13.31. The core of the CP-3 reactor was contained in a cylindrical aluminum 
tank, 6 ft in diameter and nearly 9 ft high, in which some 120 (or more) alumi- 
num-clad rods of natural uranium metal were suspended vertically in 63 tons 
of heavy water. The rods were cylindrical, 1.1 in. in diameter and 6 ft long, 





Fic. 13.8 Top of core tank of CP-3 at Argonne National Laboratory, showing fuel rods. 
(Argonne National Laboratory) 


arranged in a square lattice on 53-in. centers (see Fig. 13.8). The heavy water 
was circulated through an external heat exchanger, at a rate of about 200 
gal/min, where it was cooled with ordinary water, before being returned to the 
reactor at 87°F. 

13.32. The core tank of the reactor is surrounded at the bottom and sides by 
a 2-ft layer of graphite to act as reflector; heavy water covering the fuel rods 
acts as the reflector at the top of the reactor. The thermal shield of 4-in. thick 
cadmium-lead alloy is cooled with water flowing through copper tubes. The 
biological shield, of octagonal shape, consists of 73 ft of concrete at the sides; on 
the top there is a layer of cadmium, 1 ft of lead, and 4 ft of alternate layers of 


‘ 
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steel and compressed wood fiber (Masonite) in the form of removable blocks 
(Fig. 13.9). 

13.33. The control rods consist of a layer of cadmium in the annular space 
between inner and outer aluminum cylinders. An unusual feature of the con- 
trol system is that one of the safety rods and one regulating rod are of the 
signal-arm type, hinged to the bottom of the reactor cover-plate near the edge. 
For normal reactor operation the rods are held in a horizontal position, but for 
emergency or intentional shut-down or in the event of a power failure the rods 
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Fia. 13.9 Sectional drawing of CP-3 (and CP-3’) reactor. 
(Argonne National Laboratory) 


drop into the reactor core. Asa final safety measure the heavy water moderator 
can be dumped to a storage tank through a large, quick-opening valve. 

13.34. In order to prevent atmospheric moisture from coming into contact 
with the heavy water, the space in the cylindrical core-tank above the mod- 
erator is filled with helium, By circulating this purge gas, the small quantities 
of deuterium and oxygen gases formed by radiation decomposition of the heavy 
water are continuously removed and transferred to a catalytic recombiner, thus 
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obviating a possible explosion hazard (§ 8.148). The heavy water formed in 
the recombiner is returned to the reactor. The elimination of atmospheric 
nitrogen from the space above the reactor core also prevents the formation, 
under the influence of radiation, of nitric acid, which would corrode the alumi- 
num tank and fuel cladding. 

13.35. In addition to the usual experimental facilities, such as thermal col- 
umn, beam openings, and channels into the reflector and shield, the CP-3 
reactor has what is known as a central experimental thimble, consisting of a 
4-in. diameter aluminum tube, extending into the core (Fig. 13.9). In this 
tube it is possible to expose materials to the maximum neutron flux, which 
exists at the center of the reactor. 


NRX Reactor* 


Fuel: ~10.5 tons natural uranium metal 
Moderator: ~17 tons heavy water 
Reflector: graphite 
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Fia. 13.10 Cross section of Canadian NRX reactor at Chalk River, Ontario, 
(National Research Council, Canada) 
* W. B. Lewis, Physics Today, 4, No. 11, 12 (1951); D. G. Hurst, Hlec. Hng., 70, 476 (1951); 


F. W. Gilbert, Nucleonics, 10, No. 1 
lough, Report AKCU-2900, p. 25. 


, 6 (1962); Chem. Eng. Prog., 50, 267 (1954); C, R. MeOul- 
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Shield: steel (thermal shield) + 8 ft concrete 

Over-all dimensions: cylinder, 34 ft diameter X 34 ft high 
Control: vertical rods and variation of moderator level 
Coolant: ordinary water 

Power: 30,000 kw 

Thermal flux (av): 2 X 10" neutrons/(cm?) (sec) 


13.36. For some time after its completion in August, 1947, until the MTR 
commenced operation, the Canadian National Research (Council’s) Experi- 
mental (NRX) reactor at Chalk River, Ontario, had the highest thermal neutron 
flux of any known reactor. The heavy-water moderator is contained in an 
aluminum tank, called a calandria, © 
8 ft diameter and 10 ft high. In 
this are supported the 176 vertical 
fuel rods of natural uranium, as in- 
dicated in Fig. 13.10. The design 
of the cooling system will be under- 
stood from Fig. 13.11, which shows 
a section through an aluminum-clad 
fuel rod, surrounded by two concen- 
tric aluminum tubes. In the inner 
annulus the cooling water flows 
downward, while in the outer annulus 
a stream of air flows upward. One 
of the purposes of the air gap is to 
prevent contamination of the heavy 
water by ordinary water in the event 
of a leak. The moderator is also 
cooled by circulation through a heat exchanger outside the reactor. 
purge system is similar to that of the CP-3, described above. 

13.37. The NRX reactor is controlled by vertical steel rods containing either 
cadmium or boron; rapid dumping of the moderator for emergency shut-down 
is possible, as with CP-3. An interesting feature of the control system is that 
coarse (or shim) control is achieved by varying the level of the heavy water 
moderator. That the reactor has many research facilities will be evident from 
the photograph in Fig. 13.12. 

13.38. Owing to an unusual combination of accidental circumstances, in 
December, 1952, a number of fuel rods of the NRX were ruptured so that there 
was éonsiderable radioactive contamination of the cooling-water system and 
the reactor structure. It was at first thought that the reactor would have to 
be abandoned, but as the result of a determined effort, it was decontaminated 
and reconstructed, ‘The restored NRX reactor commenced operation in Feb- 
ruary, 1954, 

13,39, Another experimental reactor, called the NIKU reactor, is being built 
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Fic. 13.12 General view of NRX reactor. (National Research Council, Canada) 


in Canada. It is to be a natural uranium-heavy water system, like the NRX, 
but its power is to be higher. 


Oruer Heavy Water-NatTuraAL URANIUM REACTORS 


13.40. The Zero Energy Experimental Pile (ZEEP),* the first to be built in 
Canada, was completed in August, 1945. The fuel is uranium metal in the form 
of short cylinders stacked in vertical aluminum tubes. The latter are suspended 
in a cylindrical steel tank (53 ft in diameter X 83 ft high) containing the heavy- 
water moderator. The reflector is of graphite. There is no cooling and only 
limited shielding, so that the normal operating level is kept down to 3.5 watts, 
The average thermal flux is about 6 X 10° neutrons/(cm?)(sec). A somewhat 
similar reactor is the Deuterium Moderated Pile, Low Energy (DIMPLE), _ 
completed at Harwell, England, in July 1954. The vertical fuel rods are im- 
mersed in the heavy-water moderator contained in an aluminum tank; this is 
surrounded by a graphite reflector and a concrete radiation shield. In effect 
DIMPLE is really a versatile critical assembly of essentially zero power (ef, 

* B, W. Sargent, Report PD-207 (or NRO-1685); Atomics, 1, No. 14, 22 (1950), 
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§ 12.108) in which both the nature of the fuel and its arrangement in the mod- 
erator can be readily changed so that a wide variety of designs can be investi- 
gated. One function of the assembly is to obtain information for the design 
of a high-flux reactor for experimental and research purposes. 

13.41. Another natural uranium-heavy water reactor of very low power is 
the one in Chatillon; France, sometimes called _ZOE,* from the initial letters of 
the words Zéro, Oxyde de urane, Eau lourde, representing its power and com- 
position. This reactor, which first became critical in December, 1948, uses 
uranium dioxide (UOz) as fuel to save the time required to develop the technique 
for the production of uranium metal. Pellets of the oxide are packed into 
aluminum tubes (2.6 in. internal diameter) to form the fuel elements; these are 
suspended vertically in a cylindrical tank of heavy water. The fuel elements, 
up to 69 in number, are arranged uniformly in a centered-hexagonal lattice, with 
a spacing of about 7} in. At critical loading the core contains about 3.4 tons of 
oxide (61 tubes), i.e., approximately 3 tons of uranium, and 4.6 tons of heavy- 
water moderator; an additional amount of heavy water at the bottom of the 
tank serves as reflector. The main reflector surrounding the tank is a 3-ft 
thick layer of graphite blocks. The reactor has a 5-ft concrete shield, but it 
has no forced cooling and so the normal power level does not exceed 5 kw; the 
average thermal flux is then about 10" neutrons/(cm?) (sec). 

13.42. The second French reactor (P-2), located at Saclay,} was started up 
in October, 1952. It is unique in being the only known heavy-water reactor to 
employ a gas for forced internal cooling. One reason for this type of cooling, 
rather than circulation of the moderator, as in most heavy-water reactors, was 
that it seemed to be of special interest for power production. The reactor has 
136 aluminum-clad vertical fuel rods of uranium metal, each of which is 1.1 in. 
in diameter and about 7 ft long. The total weight of uranium is 3.3 tons and 
the critical filling of heavy water requires about 6.3 tons, contained in a cylindri- 
cal tank 62 ft in diameter and 83 ft high. The graphite reflector has a thickness 
of 3 ft and the whole is surrounded by a cast-iron thermal shield and a biciogical 
shield of concrete. 

13.43. For cooling purposes each fuel rod is surrounded by two concentric 
aluminum tubes; coolant gas, usually nitrogen at 10-atm pressure, flows down 
the outer annulus and then up the inner one. The gas leaving the reactor passes 
through a water-cooled heat exchanger to a blower, but since it is heated some- 
what, due to overcompression, it is sent through another heat exchanger before 
returning to the reactor. The reflector and shield are cooled by air which is 
discharged to the atmosphere through a stack. 

13.44. When the reactor operates at 1000 kw, which is the limit set by the 


*M, BE. Nahmias, Report NP-2038; L. Kowaraki, J. phys. radium, 12,761 (1951), 

+ L. Kowarski, Proc. Kjeller Conf. on Heavy Water Reactors, 1958, Joner Publications No, 7, 
p. 144; Nucleonics, 12, No. 8, 18, 84 (1954); M, Goldschmidt and I, Perrin, Chem, Png, Prog. 
Symposium Series, No, 12, $0, 248 (1954), 
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maximum permissible surface temperature (250°F) of the fuel elements, the 
compressed nitrogen gas enters the reactor at 77°F and leaves at about 178°F. 
The average value of the thermal flux at this power level is 2 X 10 neutrons/ 
(cm?)(sec). In July, 1954 the maximum power of the reactor was increased to 
1500 kw by the use of new fuel elements which can withstand higher tempera- 
tures. 

13.45. Nitrogen was chosen as the reactor coolant because of its chemical 

inertness and on account of the weak activation by neutrons as compared to air 
in which the argon becomes highly radioactive (cf. § 9.126). When nitrogen 
captures neutrons the product is generally carbon-14 and this emits only low- 
energy beta particles with no gamma radiation. Carbon dioxide has been 
employed as coolant in the Saclay reactor in place of nitrogen. The former gas 
has the advantage of smaller neutron absorption and of better heat-transfer 
properties, but owing to its higher density the pumping power, for the same 
pressure difference, is greater than for nitrogen. Consideration is being given 
to the installation of blowers of higher power to permit the use of carbon dioxide 
as coolant at 10 atm pressure. 
Energy Research) Experimental Pile, often referred to as JEEP,* at, Kjeller, 
Norway, was first_operated in.1951. It was designed independently of CP-3, 
and its resemblance to the latter implies a similar solution to a particular prob- 
lem. The main difference between the two reactors is that in the JEEP the 
fuel rods are arranged in pairs, giving a possible increase in the multiplication 
factor (cf. § 12.161), whereas in CP-8 they are single. 

13.47. The aluminum-clad, vertical fuel rods of the JEEP are 1.0 in. in diam- 
eter and have a total length of 63 ft. There are 150 such rods, consisting of 75 
double fuel units, arranged in a lattice having a pitch of slightly more than 7 in, 
Each unit is made up of two rods rigidly connected with their centers 1.57 in. 
apart. The total weight of uranium metal in the reactor is only 2.42 tons. 
The heavy-water moderator (99.8 to 99.85 per cent purity) weighs somewhat 
over 7 tons and is contained in a tank of 64 ft diameter. This is surrounded by 
a 2.3-ft thick layer of graphite to act as reflector. The moderator is circulated 
at the rate of 60 gal/min through an external water-cooled heat exchanger, 
Instead of the helium purge system, as used in CP-3, air is passed over the sur- 
face of the moderator in the reactor tank and through a catalytic recombiner, 
The normal operating power of JEEP is 250 to 300 kw and the thermal flux is 
roughly 10" neutrons/(cm?) (sec). 

13.48. The Swedish reactor, built in Stockholm in 1954, was designed to 
operate at 300 kw, partly on the basis of information available concerning CP-3 
and JEEP.+ It is, therefore, not essentially different from either of these 

*O. Dahl and G. Randers, Nucleonics, 9, No. 5, 5 (1951); T. J. Borendregt and K, H, 
Brakstad, Chem. Eng. Prog. Symposium Series, No. 11, 50, 183 (1954), 


+S. Eklund, Proc. Kjeller Conf. on Heavy Water Reactors, 1953, Jener Publications No, 7, 
p. 127; Chem. Eng. Prog. Symposium Series, No, 11, $0, 189 (1954), 
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reactors. Like CP-3, the Swedish reactor uses helium as the circulating purge 
gas above the moderator. The only unusual feature of the reactor is the 
external heat exchanger in which the heavy-water moderator is cooled by air 
instead of ordinary water. This was done in order to avoid the possibility of 
contamination of the valuable heavy water by light water in the event of a 
leak developing in the heat exchanger. 

13.49. The Swedish reactor is the first, as far as is known, to be built in an 
underground chamber, some 60 ft below surface level. The location was deter- 
mined by the desirability of having the reactor close to existing laboratories in 
a part of Stockholm where no other space was available. It was realized, too, 
that an underground site would provide a measure of protection to the city’s 
population in the event of an accident to the reactor. 


HEAVY-WATER-MODERATED Reactors: ENRICHED URANIUM FUEL 


Chicago Pile-3’ (CP-3') * 
Fuel: 4 kg (9 Ib) of uranium-235 (in aluminum alloy) 


Power: 300 kw 
Thermal flux (av): 2 X 10” neutrons/(cm?) (sec). 


13.50. After the suspected corrosion of some of the fuel rods in CP-3 in 
January, 1950, it was decided to replace all the natural uranium by enriched 
material. This made possible an increase in the neutron flux by a factor of 
four for the same operating power and cooling system. The fuel rods for the 
modified (CP-3’) reactor are made of an aluminum alloy containing 2 per cent 
highly enriched uranium; they are 0.85 in. in diameter and 54 ft long. All the 
other features of the reactor, which commenced operation in July, 1950, are 
essentially the same as those of CP-3, already described. 


Chicago Pile-5 (CP-5) t 
Fuel: 1.2 kg (2.6 lb) uranium-235 (as aluminum alloy) 
Moderator: 6.5 tons heavy water 


Reflector: 2 ft heavy water + 2 ft graphite : : 
Shield: } in. boral, 33 in. lead, 4% ft limonite-iron concrete (density 4.4 g/cm) 


Over-all dimensions: octagonal, 20 ft across X 133 ft high ; 
Control: 4 shim-safety (signal-arm type), 1 regulating (vertical) 
Coolant: circulation of heavy-water moderator (~1000 gal/min) 
Power: 1000 kw 

Thermal flux (av): 2 X 10" neutrons/(cm?) (sec) 


13.51. The CP-5 reactor, which commenced operation in 1954, was con- 
structed as an elaborate research tool for the Argonne National Laboratory to 
replace CP-2 and CP-3’, which must be dismantled so that the site may be 

* See references for CP-8. ; 


ji 7 
J. M. West, Proc. Kjeller Conf. on Heavy Water Reactors, 1963, Jonor Publications No. ' 
p. L ;8. Untermyer, Nucleonics, 12, No. 1, 12 (1064); J.T, Weilla, Chem, Lng. Prog. Sympoatum 
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returned to the owners. Heavy water was chosen as moderator, rather than 
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Fig. 13.13 Fuel assembly for CP-5 
at Argonne National Laboratory. 
(Argonne National Laboratory) 


ordinary water, as in the MTR, because, 
with a given amount of uranium-235, the 
former permits the design of a larger core 
and so provides somewhat more flexibility 
for experiments. 

13.52. The aluminum tank of CP-5, 
containing the heavy water, has a diam- 
eter of 6 ft and a height of about 7% ft. 
The actual fuel-bearing core occupies an 
approximately cylindrical volume, about 2 
ft in diameter and 2 ft high, at the center 
of the tank. The fuel elements are of the 
curved sandwich-plate type (cf. § 12.163), 
made up of a 0.02-in. thick central layer of 
enriched uranium-aluminum alloy clad on 
each side with 0.02 in. of aluminum. A 
fuel assembly consists of ten such plates, 
2 ft in length, mounted in a long rectan- 
gular box, 3 in. X 3 in. cross section (Fig. 
13.13). For normal operation about twelve 
of these assemblies, i.e., 120 plates are 
used; however, there is accommodation for 
seventeen assemblies, so that additional 
fuel can be added if required. 

13.53. To cool the reactor, the heavy 
water which leaves the tank at about 126°F 
is circulated through the external heat 
exchanger and returns to the reactor at 
about 118°F. The mass-rate of flow of the 
heavy water is determined with an electro- 
magnetic flow meter and the difference be- 
tween inlet and outlet temperature is 
indicated by electrical resistance thermom- 
eters. The product of. these quantities is 
recorded automatically (cf. § 5.128) as the 
reactor power level on an indicator in the 
control room. 

13.54. In the reactor tank the cooled 
moderator enters each fuel box through a 
balancing orifice at the bottom, then flows 
upward past the fuel plates and leaves 
through openings just above the plates, as 


} 
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shown in Fig. 13.13. The arrangement of float, mast, and differential trans- 
former at the top of the fuel box serves the purpose of recording the rate of 
flow of moderator-coolant. The weighting plug, which helps to keep the fuel 
box in place, is also part of the reactor shield. 

13.55. For control purposes there are four shim-safety rods, made of cadmium 
clad in aluminum; these are of the signal-arm type, as used in CP-3, and they 
operate between parallel rows of fuel assemblies. The regulating rod is vertical 
and is located just outside the reactor core; it can be used to control the reactor 
power automatically at any desired level. A dump valve permits a rapid lower- 
ing of the moderator level if an emergency should arise. 

13.56. An unusual feature of CP-5 is reactivity control by cooling the mod- 
erator with chilled water at 5°C (41°F). Instead of using extra fuel, in the 
form of built-in excess reactivity, to allow for xenon poisoning and other transient 
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effects, advantage is taken of an increase of reactivity, resulting from a decrease 
in the temperature of the moderator, to provide temporary additional reactivity. 
For example, in starting up after a short shut-down, the additional reactivity 
required to overcome the accumulated xenon is made available by cooling the 
moderator with the chilled water. Then, as the excess xenon is consumed, 
during reactor operation, the moderator temperature is allowed to rise. 

13.57. In addition to the helium purge system such as is used in CP-3, a cir- 
culating helium atmosphere is employed to cool the graphite reflector. The 
3-in. thick thermal shield of lead, surrounding the graphite zone, is cooled by 
means of coils through which water flows. 

13.58. In accordance with its primary purpose, CP-5 has many experimental 
facilities, including two graphite thermal columns, one of which is shown in 
Fig. 13.14. Immediately beneath the reactor tank, in the graphite zone, there 
is a space which can be utilized for isotope production or for other purposes as 
required. 


ORDINARY-WATER-MODERATED REACTORS 


Materials Testing Reactor (MTR) * 


Fuel: 4 kg (9 Ib) uranium-235 (as aluminum alloy) 

Moderator: ordinary water 

Reflector: beryllium (~1} ft) + graphite (~33 ft) 

Shield: two 4-in. steel plates (thermal shield) + 9 ft barytes concrete 
Over-all dimensions: 32} « 34 X 32 ft high 

Control: up to 8 shim-safety, 2 regulating rods 

Coolant: circulating water (20,000 gal/min) 

Power: 30,000 kw. 

Thermal flux (av): 2 X 10" neutrons/ (em?) (sec) 


13.59. As its name implies, the Materials Testing Reactor (MTR),.at Arco, 
Idaho, was designed to provide a high neutron flux for experimental purposes, 
in particular for the study of the effects of radiation on various reactor materials 
(see Chapter VIII). Operation of the reactor was commenced in March, 1952, 
and its special facilities have been extensively used since that time. The maxi- 
mum accessible thermal flux of 4.5 X 10“ neutrons/(cm?)(sec), in the reflector 
near the core, is considerably higher than that of any other experimental reactor 
for which information is available. 

13.60. Each of the curved fuel-bearing plates of the MTR consists of a sand- 
wich of a 0.02-in. thick layer of an alloy of 10 to 20 per cent. by weight of highly 
enriched (~93 per cent) uranium in aluminum, clad on each side with aluminum 
of the same thickness. The plates are approximately 2.8 in. wide and 2 ft long, 
and 18 plates, separated by 0.12 in. from each other, are brazed into aluminum 
side members to form a fuel assembly roughly 3 X 3 in. across, somewhat re- 


*J. R. Huffman, Nucleonics, 12, No. 4, 21 (1954); Report ORNL CF-53-12-21; 8, MeLain, 
Proc, Kjeller Conf. on Heavy Water Reactors, 1958, Jener Publications No. 7, p. 99. 
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sembling that shown in Fig. 13.13 for the CP-5 reactor. The mass of uranium- 
235 in an assembly is approximately 200 g and there are some 20 assemblies in 
the loaded reactor, located within a rectangular core of roughly 15 X 27 in. cross 
section. The bottom of each fuel assembly fits into a socket in a grid base, 
while another grid fits over the top, thus holding the units in place. The 
primary reflector of beryllium metal, about 13 ft thick and 3 ft high, surrounds 
the core. The beryllium has a number of vertical holes to permit the flow of 
water for cooling the reflector. The core-reflector assembly is mounted in a 
cylindrical tank containing the water which acts as moderator-coolant and also 
as reflector at the top and bottom. 

13.61. The section of the reactor tank around the core region is made of 
aluminum and has an inner diameter of 44 ft. Above and below there are 
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stainless steel extensions, so that she whole forms a well, 30 ft deep, that is 
kept full of water during operation. For cooling purposes the water enters the 
well (at 100°F) about 15 ft above she core, flows between the fuel plates, and 
leaves (at 111°F) at some 5 ft belov the core (Fig. 13.15). 

13.62. To provide additional space for experiments, a secondary reflector of 
graphite is located outside the reactor tank. In view of the possibility of 
dimensional changes due to radiation, oxidation, and temperature, the graphite 
reflector is divided into two zones. There is, first, the pebble zone, 74 ft square 
and 9 ft high containing some 700,000 graphite spheres 1 in. in diameter. The 
pebbles can be removed, if necessiry, through the discharge chute and then 
replaced without dismantling any part of the reactor. The second (or perma- 
nent) zone, made of graphite blocks, has external dimensions of 12 X 14 ft by 
93 ft high. The graphite structure is penetrated by both vertical and horizontal 
holes for experimental purposes; some of the vertical holes are used for the pas- 
sage of air which cools the reflector 
- 13.63. Close to the secondary refector is the thermal shield, consisting of two 
4 in. layers of steel; these are spaced 4 in. apart and cooling air flows through the 
gap. The 9-ft thick biological shield of barytes concrete (about 93 per cent 
barium sulfate in aggregate) surroinds the reactor at the sides. Above and 
_below the core region the water serves as a shield, but in addition there are steel 
plugs containing 11 in. layers of lead shot, at both top and bottom of the reactor 
tank. The driving mechanisms for the control rods are mounted in the top plug. 

13.64. The shim-safety control mds, which may be up to eight in number, 
move vertically in spaces within tie fuel lattice. Each of these rods has an 
upper section containing cadmium and a lower one consisting of fuel plates; 
this type of design makes a valuatle contribution to the neutron economy, as 
explained in § 6.7. The shim-safety rods are held up by electromagnets so that 
they will fall under the influence of gravity (and the pressure of the cooling 
water flow) when the exciting current is interrupted by the appropriate signal 
or if there is a power failure (cf. Table 6.4). 

13.65. Two vertical regulating rods of cadmium, sandwiched between steel 
tubing, are located in the berylliun reflector close to the reactor core. Only 
one rod is operated at a time, the otier being aspare. The motion of these rods 
can be controlled manually or automatically to keep the reactor power at any 
desired level. The servo-system cescribed in § 6.125, et seq., for bringing a 
reactor up to its operating power ard keeping it at that level, is essentially that 
used in the MTR. 

13.66. In accordance with its primary function as a research tool, there are 
over 100 experimental facilities in the MTR (cf. Fig. 13.16). Some of these 
extend into (or through) the primary beryllium reflector, whereas others’ pene- 
trate only into the graphite zone. One of the narrower faces of the reactor is 
penetrated by a thermal column, ard it was originally planned to have another 
one on the opposite face. Subsequently, it was decided to assign the space to 
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shielding studies, but it has not been used for this purpose and it is at present 
filled with blocks of barytes concrete. 

13.67. Loading and unloading the reactor with fuel is performed with manu- 
ally operated grappling tools through 20 ft of water. The spent fuel assembly is 
lifted just above the beryllium reflector and moved horizontally to a position 
directly over a hole in the reflector that is normally filled with a beryllium plug. 





Fic. 13.16 General view of the MTR 


The fuel asserably is then lowered into a water-filled discharge tube from which 
it is transferred by a special unloading device into a canal containing an 18-ft 
depth of water. In reloading the reactor the new fuel assemblies are lowered 
into place by hand from the top of the reactor. 

13.68. One of the problems arising in the operation of the MTR. isthe increase 
in xenon poisoning after shut-down; as seen in Chapter V, this may become 
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very considerable in a reactor having a thermal flux as high as 2 X 10" neu- 
trons/(cm?)(sec). Some excess reactivity allowance for xenon override is made 
in the fuel loading (cf. Table 6.1, last column), but normally this is sufficient 
only for the first 30 min (or so) after shutdown. If the MTR cannot be re- 
started within this period, there may be a delay of about 2 days before it can 
again become operative. However, it is always possible to restart the reactor 
at any time by loading fresh fuel elements into the core. 


Low-Intensity Test Reactor (LIT R) 


13.69. The mock-up of the MTR at the Oak Ridge National Laboratory, 
which was used first for mechanical and hydraulic studies, and later for criticality 
measurements, was subsequently converted into a general experimental facility 
and named the Low-Intensity Training Reactor (LITR).* It is essentially a 
low-power model of the MTR and normally operates at 3000 kw. The average 
thermal flux is about 2 X 10% neutrons/(cm?)(sec). The new Omega West 
Reactor at Los Alamos Scientific Laboratory is to be of the LITR type; it is 


expected to operate at a power of 1000 to 4000 kw. 


Swimming Pool Type Reactor} 


Fuel: 2.5 to 3.5 kg (5.5 to 7.7 Ib) uranium-235.(in-aluminum alloy) 
Moderator: water 

Reflector: water (+ beryllium, beryllium oxide, or graphite in some cases) 
Shield: water + concrete tank 

Over-all dimensions: 20 X 40 X 22 ft high (variable) 

Control: 2 shim-safety, 1 regulating 

Coolant: water (free-convective flow up to 100 kw) 

Power: 100 kw (or more) 

Thermal flux (av): 5 X 10" neutrons/(cm?) (sec) 


13.70. The prototype of the so-called Swimming Pool Reactor (also referred 
to as the Low Cost Reactor) is the Bulk Shielding Reactor (BSR) completed at 
Oak Ridge National Laboratory in December, 1950. It is, to a certain extent, 
a highly simplified version of the MTR that is inexpensive to construct and easy 
to operate. Because of these attributes, the Swimming Pool Reactor is re- 
garded as one that is particularly suited to university and industrial-type 
research laboratories (§ 12.27). The construction of several such reactors is now 
being planned or is actually under way, and models are available commercially 
(Fig. 18.17). 

13.71. The fuel elements are of the flat sandwich-plate type, consisting of 
an alloy of highly enriched uranium and aluminum clad on both sides with 


* Nucleonics, 10, No. 6, 75 (1952). s 

+ Reports AECD-3435, 3557; W. M. Breazeale, Nucleonics, 10, No. 11, 56 (1952); Report 
ORNL-991; Chem. Eng. Prog. Symposium Series, No. 12, 50, 6 (1954); see also L. C. Widdoos, 
ibid., No. 11, 50, 195 (1954); E. H. Krause, ibid., No. 11, 50, 203 (1954); J. J, O'Connor and 
L, 8. Foster, ibid., No, 12, 50, 59 (1954); H, J, Gomberg, Report ABCU-2900, p, 51, 
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aluminum. A fuel assembly is approximately 3 in. square and 3 ft long, and 
is made up of from 10 to 18 fuel plates, of about 0.06 to 0.10 in. total thickness, 
spaced equally. The length of the fuel-bearing region is close to 2 ft. Nor- 
mally 16 to 25 fuel assemblies are required, depending on the type and efficiency 
of the reflector. In many designs the reflector is removable, for flexibility in ad- 
justing the lattice dimensions and in performing experiments. A loaded lattice, 
with beryllium oxide reflector contained in dummy fuel boxes, is shown in 
Fig. 13.18.* Above the lattice can be seen the three control-rod holders, in 
slotted cylindrical guides, and a number of ionization chambers for neutron flux 
measurement. The lattice and control system are suspended from a bridge 
across the top of the water tank (“Swimming Pool’) in which the core is 
immersed. 

13.72. The water in the concrete tank, which covers the reactor core to a 
depth of about 20 ft, serves as moderator, reflector, coolant, and as a shield. 
Additional shielding at the sides is provided by the concrete wall of the pool. 
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Fig. 13.17 Cutaway drawing of a Swimming Pool reactor. 
(Pennsylvania State University) 


* Although beryllium oxide is a better reflector, graphite, which is leas expensive, provides 
a good alternative, 
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In some versions of the Swimming Pool reactor the tank is built into the side 
of a hill, so that the earth contributes to the shielding. 

13.73. The control rods, which may 
contain cadmium or boron (or boron 
carbide), move vertically in spaces 
within the core similar to those occupied 
by the fuel boxes. An iron armature or 
core piece is fastened to the top of each 
rod and the armature and rod are lifted 
by an electromagnet. When the excit- 
ing current to the magnet is reduced, 
the rods drop and shut the reactor down. 
The regulating rod can be adjusted so 
as to maintain the desired power level, 
either by manual operation or automat- 
ically by means of a servomechanism. 

13.74. The design of the fuel ele- 
ments permits satisfactory operation 
at 100 kw,* with a margin of safety, 
using free-convection cooling by the 
water, to remove the heat generated in 
the core. If, due to accidental circum- 
stances, the power level rises above 1500 
to 2000 kilowatts, the water between 
the fuel plates will boil. The steam 
produced will then displace sufficient 
moderator to inhibit runaway; the reac- 
tor is thus inherently safe, provided, as 
is invariably the case, it does not have 
too much available excess reactivity. 
Although power levels up to about 1000 
kw are possible with natural-convection 
cooling, water circulation is recom- 
mended above 100 kw because of the 
radioactivity due to nitrogen-16. It is 
estimated that a flow rate of about 500 
to 900 gal/min will permit safe opera- 
tion up to 1000 kw with approximately 
15°F rise in temperature of the water. 

13.75. For experimental studies the 
apparatus or material can be lowered 





Fia. 13.18 Core of Swimming Pool re- 
actor at Oak Ridge National Laboratory. 
(Oak Ridge National Laboratory) 


* Tt is estimated that at this power some forms of the Swimming Pool reactor could operate 
for something like 60,000 hr before the fuel elements would need to be replaced, 
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into the pool and placed in contact with the reactor face or in the core. Alter- 
natively, beam holes may be provided through the walls of the tank (see Fig. 
13.17). A thermal column can be added to the Swimming Pool reactor if 


required. <4 


Experimental Boiling Water Reactor* 4 


13.76. The advantages of a boiling-water reactor for the direct production of 
steam were considered in § 12.149; et seq., and it was mentioned that preliminary 
experiments have demonstrated the self-regulating property, up to certain power 
levels, of such reactors. After the destruction of the core of the first installation 
in July, 1954, a second experimental boiling-water reactor was constructed at 
Arco, Idaho ‘to test the operational reliability of the boiling-water system at 
higher pressures. This reactor_was completed.in October, 1954; it operates 
at a (heat) power of 6000 kw and a pressure of 300 psi of steam. 
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Fic. 13.19 Schematic diagram of power production from boiling-water reactor. 
(Argonne National Laboratory) 
*See pp. 11 and 15 of Report referred to in § 13,28; 8. Untermyer, Nucleonics, 12, No 7, 
48 (1954); also, Seventeenth Semiannual Report of the Atomic Mnergy Comminsion, U, 8, 
Government Printing Office, January, 1955, pp, 22-28, 
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13.77.. Based on the successful functioning of the experimental installations, 
an Experimental.Boiling-Water Reactor (EBWR). is being planned for con- 
struction at the Argonne National Laboratory. The reactor will use zirconium- 
clad, plate-type fuel elements; most of these will contain natural uranium with 
a few of enriched material, and ordinary water as the moderator-coolant. The 
steam produced will be fed directly to a turbogenerator in the conventional 
manner (Fig. 13.19). The heat power level of the reactor is to be about 20,000 
kw and an electrical output of 5000 kw is to be expected, according to prelimi- 

‘ nary specifications. . Among the objectives of the EBWR is the construction of 
a leakproof system, which is desirable in any event and would be particularly 
important if heavy water were used as moderator-coolant. It is also desired to 
determine whether significant amounts of radioactive material are deposited in 
the turbine, condenser, pumps, etc. 


~ Pressurized-W ater Power Reactors 


13.78. The prototype (Mark I) of the Submarine Thermal Reactor (STR) was 
probably the first full-scale power reactor to be completed; it started operation 
at the National Reactor Testing Station, Arco, Idaho, in March, 1953 and pro- 
duced electrical power in June of that year. Apart from the facts that it uses 
zirconium-clad, enriched uranium as fuel and pressurized water as the moderator- 





Fic. 13.20 Model of Army Package Power Reactor plant, (U.S, Army Signal Corps) 
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coolant, essentially no information about this reactor has been released.* How- 
ever, the success of the STR as a means for propelling a submarine was fully 
demonstrated when the U.S.S. Nautilus commenced its sea trials on January 
17, 1955. 

13.79. Another power reactor which is to use pressurized water as moderator- 
Reactor (APPR),} having transportable components, referred to in § 12.51. 
The maximum size of any fully fabricated part is to be 9 X 9 X 27 ft and its 
weight is not to exceed 10 tons; the over-all size of the complete power unit is 
tentatively estimated as 80 ft long, 29 ft wide, and 42 ft high (Fig. 13.20). The 
reactor has been designed to produce 10,000 kw of heat, and the electrical output 
is expected to be at least 1700 kw. It is reported that the pressure of water in 
the reactor will be about 1200 psi; the water will enter at 482°F and leave at 
450°F. The saturated steam from the heat exchanger will be at about 380°F 
and 200 psia. An important feature of the reactor is to be the long life of the 
fuel elements which will probably be clad with stainless steel. A contract has 
been let for the construction of a prototype of the APPR to be built at Fort 
Belvoir, Virginia; operation is expected by 1958. 

13.80. The power reactor concerning which most data are available is the 
Pressurized Water-Reactor (PWR) being built near Shippingport, Pennsylvania; 
this is to be the first central-station nuclear power plant in the United States. 
Pressurized water will be the moderator-coolant and the fuel is to be slightly 
enriched uranium containing 1.5 to 2 per cent of uranium-235. According to 
the tentative specifications, the core will consist of 15 to 20 tons of uranium, 
made up of closely spaced, zirconium-clad fuel elements, in the form of a right 
circular cylinder 6 ft diameter and 73 ft high. The pressure vessel holding the 
core is expected to be about 9 ft in diameter and 28 ft high. 

13.81. The power output of the PWR will be at least 260,000 kw of heat. 
The maximum heat flux will be greater than 350,000 Btu/ft?, the average power 
density will be 45 kw/liter, and the specific power 1000 kw/kg of fissionable 
material. The inherent dynamic stability of pressurized water reactors of 
proper design will be the basis of control during power changes. As a result of 
the large negative temperature coefficient of reactivity, the temperature of the 
water leaving the reactor during operation should be independent of small 
variations in the power demand (cf. § 6.153). 

13.82. The pressure in the reactor vessel will be about 2000 psig, at which the 
saturation temperature of water is nearly 640°F; the fuel surface temperature 

* Nucleonics, 10, No. 8, 72 (1952); L. H. Roddis, Jr., and J. W. Simpson, Westinghouse Engr., 
15, No. 2, 74 (1955). 
ores 12, No. 10, 22 (1954); see also R. S. Livingston and A. L. Boch, zbid., 13, No. 5, 


{See p. 10 of Report referred to in § 13.28; also, C. H. Weaver, Atomic Industrial Forum 
Report, July, 1954, p. 16. 
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should thus not exceed 600°F. The cooling water temperature will be in the 
range from 500° to 550°F and steam will be produced at 600 psig; at this pressure 
the saturation temperature is about 490°F. 

13.83. Four independent heat-transfer loops will be available for steam pro- 
duction (Fig. 13.21), although only three will be used at a time with the fourth 
as standby. In each loop water will be circulated at the rate of 16,000 gal/min 
and the total pumping power required will be 3600 kw. The electric power gen- 
erated should be at least 60,000 kw. 
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Fig. 13.21 Ground plan of Pressurized Water Reactor and Boilers at Shippingport, 
Pennsylvania. (Westinghouse Atomic Power Division) 


_, 13.84. Asa precautionary measure, in the unlikely event of an accident, all 
parts of the system under pressure, i.e., the reactor vessel and the heat exchang- 
ers (steam generators), will be enclosed in strong gas-tight containers. These 
will all be ‘ocated underground in concrete and steel structures, to provide 
shielding and to minimize the spread of radioactivity in the event of an accident 
(Fig. 13.22). 

13.85. In addition to supplying valuable information concerning the eco- 
nomics of niclear power, the PWR will contribute to the technology of pres- 
surized water and will provide facilities for testing fuel elements capable of a 
high percentage burn-up. The project will also demonstrate whether large 
pressure vessels can be built to the specifications required for reactor operations, 
and methods of loading and unloading the fuel elements through the pressure 


shell will be developed. The results will have an important bearing on the © 


design of power reactors of the future. 
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HOMOGENEOUS WATER-MODERATED REACTORS 


The Water Boiler Reactor* 


Fuel: 0.87 kg (1.91 Ib) uranium-235 in 12.7 liters solution 
Moderator: water 

Reflector: ~4} ft graphite 

Shield: 4 in. B,C in paraffin, 2 in. steel, 4 in. lead, 5 ft concrete 
Over-all dimensions: 15 x 15 X 11 ft high 

Control: 3 shim-safety in reflector, 2 regulating in core 
Coolant: water at ~60°F (3 gal/min) 

Power: 45 kw 

Thermal flux (av): 10? neutrons/(cm?) (sec) 


13.86. The Water Boiler Reactor at Los Alamos Scientific Laboratory was the 
first reactor to use water as a moderator and also the first reactor to have the 








Fie. 13.22 Artist’s sketch of over-all PWR plant, showing reactor and boilers in under- 
ground, gas-tight containers. (Westinghouse Atomic Power Division) 


fuel in solution. The object of the original form of the reactor, known as LOPO 
(low power), was to provide experience in the operation and control of a chain 
reacting system using a minimum of enriched fuel. The reactor, which went 
critical in May, 1944, contained 565 g of uranium-235, in the form of uranyl 


*L. D, P. King, et al., Report AECD-3287; Report AECU-2900, p, 81; Rev, Sei, Instr., 22, 
489 (1951); see also Reports AUCD-3059, AECD-3068, ABCD-3065, 
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sulfate enriched to the extent of 14.6 per cent in the fissionable isotope, dis- 
solved in some 13 liters of water, contained ina stainless steel (Type 347) sphere 
of 1-ft diameter and y-in. wall thickness. The sphere was surrounded by 
beryllium oxide as reflector, since calculatiors indicated that the critical mass 
of uranium-235 would be minimized by using this in preference to graphite. 
Because of the lack of a shield and cooling system, the operating level of LOPO 
did not exceed the very low power of 50 milliwatts. 

13.87. Following upon successful experienze with LOPO, it was decided to 
modify the reactor, by providing forced cooling and a shield, to permit operation 
at a considerably higher power. Due to various causes, e.g., a thicker sphere 
(#, in.), internal cooling coils, experimental facilities, and the substitution of 
part of the beryllium oxide reflector by a grephite thermal column, the critical 
mass of the uranium-235 (14.0 per centenrichment) was increased to 808 g in 
about the same volume (13.65 liters) of solution.* Another factor contributing 
to the increase in the critical mass was the use of uranyl nitrate in place of the 
sulfate, since nitrogen has a higher neutron asorption cross section than sulfur. 
The change was made from sulfate to nitrate in case it became necessary to 
recover the fissionable material at short notice; it was felt, at the time, that the 
nitrate could be more readily extracted with ether. 

J 
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Fig. 13.23 Cutaway drawing of Water Boiler Reactor at Los Alamos Scientific Labo- 


ratory. (Los Alamos Scientific Laboratory) 


* In October, 1946, the amount of uranium-235 wes increased further to 870 g (14.5 per cent 


enrichment). 
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Fig. 13.24 Half of sphere of Los Alamos Water Boiler showing cooling coils and “ 
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13.88. The modification of the Water Boiler, called HYPO (high power), c 
menced operation in December, 1944. Its normal power was 6 kw Seal ae 
average thermal flux about 10" neutrons/(cm?2) (sec). The temperature of ie 
solution during operation was about 175°F with the cooling water (at 46°F) 
flowing at the rate of about 50 gal/hr. 
13.89. In 1949 a series of changes were commenced with the object of incre 
ing the experimental facilities, the safety, and operating power of the W 
Boiler. These modifications were completed in March, 1951, and a iw of 
the a fea known as SUPO (super power), is shown in Fig. 13.23. The ike 
a - on of this section refer to this particular model of the Water 

13.90. The chief design changes in SUPQ were the following: (1) The beryllium 
oxide reflector was replaced by graphite ; this permits a more rapid eee f 
the reactor and eliminates the variable starting source of neutrons due to the 
(y, n) reaction on beryllium (cf. § 2.74). (2) The enrichment of the uranium-235, 
as uranyl nitrate, was increased to 88.7 per cent (instead of the former 14 5 : 
cent). This made possible a decrease in the total nitrate concentration ae 
reduced the formation of nitric acid and the consequent gas evolution due ms 





hole” tube. (Los Alamos Scientific Laboratory) oe 
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radiation decomposition. Further, the increase in enrichment of uranium made 
it possible to operate the reactor without appreciably more uranium-235, in 
spite of the poorer reflector and other changes which are disadvantageous to the 
neutron economy. (3) The former single cooling coil was replaced by three 
20-ft long, }-in. O.D., 3%-in. I.D. stainless steel tubes (Fig. 13.24), thus permit- 
ting an increase in the operating power of the reactor. 

13.91. In the HYPO form of the Water Boiler, the cadmium control rods were 
located in the beryllium oxide reflector. With the change to graphite, a less 
effective reflector, it was decided to have two other rods which could be inserted 
into the core. These rods contain boron, enriched in boron-10, and enter the 
stainless steel sphere containing the uranium solution through reentrant thim- 
bles. In addition to these two rods, which are used for regulating purposes, 
there are three cadmium shim-safety rods in the graphite reflector. 

13.92. Because of its large negative temperature coefficient, the Water Boiler 
is inherently self-regulating. Nevertheless, continuous but transient variations 
in power occur, e.g., due to gas bubbles and convection currents in the core 
solution. Since steady neutron fluxes are essential for many experiments, 
automatic control of the regulating rods is used to maintain the power level 
constant within 0.1 per cent. 

13.93. An important feature of SUPO is the recombination system for han- 
dling the explosive hydrogen-oxygen mixture resulting from decomposition of 
the water by radiation. A stream of circulating air (3.5 ft?/min) carries the 
gases up the vertical stack attached to the top of the reactor sphere, then through 
the recombiner, as described in § 8.149; the water formed is returned to the 
réactor so that there is very little loss. The use of this system not only removes 
the hazard of an explosion, but it also minimizes changes in the concentration of 
the fuel solution. There is, however, some loss due to the escape of oxides of 
nitrogen, and this is made up by addition of small amounts of nitric acid from 
time to time. 

13.94. Among the experimental facilities is a 1-in. (internal) diameter tube, 
referred to as a “glory hole,” running right through the reactor sphere; this is 
seen in the photograph in Fig. 13.24. In addition, there is a 1¥,-in. (internal) 
diameter tube which runs completely through the reactor tangential to the 
sphere. The Los Alamos Water Boiler has two graphite thermal columns, on 
the north and south faces, respectively (see Fig. 13.23). In front of each of 
these is a “neutron window,” consisting of an 83 in. layer of bismuth; this 
absorbs gamma rays, while permitting neutrons to pass through. 

13.95. As may be seen in Fig. 13.23, the shielding varies somewhat at differ- 
ent locations. However, basically, it consists of 4 in. of boron carbide in paraffin, 
followed by 2 in. of steel, 4 in. of lead, and 5 ft. of concrete. The thermal col- 
umns, which extend through the concrete, are shielded with boron carbide, lead, 
and steel. Several portions of the shield are removable to permit insertion of 
experimental equipment. 
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Other Water Boilers 


13.96. The simplicity of construction of the Water Boiler reactor has made it 
of interest as a laboratory tool for experimental work with neutrons, and also to 
provide some training in reactor operation. A reactor of this type has been in 
operation at North Carolina State College, Raleigh, North Carolina, since 1953.* 
It differs from the Los Alamos Water Boiler in using uranyl sulfate (93 per cent 
enriched), instead of the nitrate, as the fuel material. Further, the vessel hold- 
ing the solution is a cylinder rather than a sphere. Four stainless steel coils, 
each 7 ft long and } in. inside diameter, carry cold (68°F) water through the 
core at the total rate of 4 gal/min, for cooling the fuel solution. The maximum 
temperature of this solution, at the operating level of 10 kw, is about 176°F. 
The average thermal flux is 2 X 10" neutrons/(cm?) (sec). 

13.97. Several versions of the Water Boiler reactor are being offered com- 
mercially. One of these, called the Water Boiler Neutron Source (WBNS), was 
designed primarily, as its name implies, as a laboratory source of neutrons.t 
It has a low power and is compact, simple, safe, and relatively inexpensive. 
The device operates at powers up to 1 or 2 watts and the average thermal flux 
is then about 2 X 107 neutrons/(cm?) (sec). 


The Homogeneous Reactor Experiment t 


13.98. Because of the attractive features of homogeneous reactor systems for 
power production (§ 12.132), the Homogeneous Reactor Experiment (HRE) was 
designed to test the feasibility of maintaining a fission chain reaction in an 
aqueous circulating solution at high temperatures and power levels. The pilot 
reactor at Oak Ridge National Laboratory attained criticality in April, 1952, 
and was operated at powers up to 1000 kw. Through its associated turbogen- 
erator system, it first produced electricity in February, 1953, this being the 
second known instance of actual electric power production from nuclear energy.§ 
During 1954, the HRE, having served its purpose, was dismantled to make 
room for HRE-2 or Homogeneous Reactor Test (HRT), a homogeneous reactor 
experiment on a larger scale (§ 13.105). Because of its historical significance 
in the development of nuclear power, the original HRE reactor will be described 
as if it were still in existence. 

13.99. The core of the HRE is a Type 347 stainless steel sphere, 18 in. in 
diameter, through which an aqueous solution of a 93 per cent enriched uranyl 
sulfate is circulated at the rate of 100 gal/min. At the maximum operating 
level of 1000 kw, the fuel solution leaves the core vessel.at.482°F, passes through 

*C. K. Beck, et al. - {CU- : ] 
art and R. Ohalker, Pron Condon uct, Bae Berkeley, 1 6851, Mi. By Remley, 
’ hee Bag: eee voor anantaan, 7 Pearlman, Report ABCU-2900, p. 183; see also, 

{S. E. Beall and C, BE. Winters, Chem. Eng. Prog., 80, 256 (1964); A, M, Weinberg, Atomic 


Industrial Forum Report, July 1054, p, 26, 
§ The first known instance was the HBR (see § 18,122), 
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a steam generator (boiler), and is returned at 410°F. A total pressure of 1000 
psi is maintained in the fuel system by heating a small volume to 545°F in a 
pressurized chamber directly above the core (Fig. 13.25). Although the pres- 
sure is considerably more than is required to prevent boiling of the fuel solution, 


it is necessary in order to minimize the volume of the gases due to radiation 


decomposition. 
NORMAL FLOW, 


PM 

100 PM — FUEL SOLUTION 3 

FROM HEAT EXCHANGER 
ROD DRIVE MECHANISM (410°F ) 

C4 FUEL SOLUTION 

Y TO HEAT EXCHANGER 
oo) 7 ~~" (BOILER) 
URIZER 1000 PSI 
PRESS! 482°F 


(1000 PS!) a A 
4 


FUEL FEED 
FROM STORAGE TANKS 







REFLECTOR (020) 


HYDROGEN, OXYGEN, 
STEAM, AND FISSION GASES 
(TO RECOMBINERS) 


CONTROL PLATES 





TO FUEL 
STORAGE 
TANKS 





10 D,0 STORAGE 


Fic. 13.25 Schematic representation of Homogeneous Reactor Experiment at Oak 
Ridge National Laboratory. (Oak Ridge National Laboratory) 


13.100. In the HRE the-reflector is a.10-in. layer of heavy water surrounding 
the core vessel. A pressure of helium, within 100 psi of that of the fuel solution, 
is maintained over the reflector to decrease stresses in the 33; in. thick wall of the 
fuel container. Both fuel and reflector are contained within an outer pressure 
vessel of 39 in. internal diameter and 3 in. wall thickness. The heat in the r= 
flector (about_5 per cent of the total), due mainly to transfer from the core, is 
removed by circulating the heavy water through a heat exchanger which serves 
as the boiler feed-water heater. In this manner, the temperature of the reflector 
is maintained at about 350°F. 
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13.101. The hydrogen-oxygen gas mixture formed by radiation decomposition, 
at the rate of 10 ft?/min (at 8.T.P.) at a power of 1000 kw, is continuously 
separated from the fuel solution by vortex action in the core. After cooling and 
separating from entrained liquid, the gases pass to a flame recombiner and 
catalytic bed, as described in § 8.150. In the HRE, no attempt was made to 
utilize the 40 kw of heat liberated in the recombiner. It has been suggested that 
this high-temperature heat might be used to superheat steam, but the amount is 
probably not large enough to have any significant effect on the economics of 
power production. 

13.102. Control of the HRE is achieved in a number of unusual ways. The 
reactor is started up, for example, by increasing the concentration of the uranium 
salt in the fuel solution, and it is shut down by dilution, using the water con- 
densate from the flame recombiner for the purpose. Changes in the power level 
are realized by altering the demand, e.g., on the turbogenerator driven by the 
200-psi steam produced in the boiler. Upon increase of the generator load, there 
is an increase in the steam demand; there is, consequently, a decrease in the 
steam pressure and temperature. This is reflected in the return of the fuel 
solution to the reactor at a lower temperature. Because of the large negative 
temperature coefficient. of the system, the reactivity increases very rapidly and 
the power rises, to compensate for the added load, until the original temperature 
is restored.* 

13.103. A special feature of the HRE is that the operating temperature can be 
altered by changing the concentration of the fuel solution, rather than by means 
of control rods, as in solid-fuel reactors. At a concentration of about 25 g 
uranium-235 in 1 kg of water, for example, the temperature cannot rise above 
77°F; if it did, the system would become subcritical because of the negative 
temperature coefficient of reactivity, and the chain reaction would die out. 
If the concentration is increased to 41 g of uranium-235 to 1 kg of water, the 
temperature can be raised to 480°F and the fission chain will still be maintained. 
Change in temperature can also be achieved in the conventional manner by 
use of mechanically operated controls if desired, but this appears to be un- 
necessary. 

13.104. When the HRE was designed, various safety measures were in- 
corporated, including neutron-absorbing control plates in the reflector. The 
remarkable dynamic stability of the system indicates that mechanical controls 
are probably not required in a reactor of the HRE type. Its inherent safety 
has been confirmed by experiments in which the reactivity has been suddenly 
increased in various ways. ‘The accompanying rapid release of energy causes 
the temperature to rise, but the resulting decrease in reactivity stabilizes the 
system at a power level determined by the demand. | 

* It should be noted that the ability to control a reactor automatically by the external power 


demand is, in principle, a general characteriatic of reactors having approciable nogative tem: | 
perature coefficients (see § 6,143, et seq.) 
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13.105. The HRE has proved so successful that it is being replaced by HRE-2 
(or HRT) to operate at_a maximum power.of 5000 kw.* One of the objectives 
of this experiment will be to obtain further information on the control of homo- 
geneous reactors (see also § 12.133). The next step in the development of 

_ homogeneous reactors is to be one using uranium-233-as-fuel. with a thorium 
breeding blanket. The power output of this Homogeneous Thorium Reactor 
(HTR), according to preliminary specifications, is to be about 65,000 kw of heat, 
yielding some 16,000 kw of electricity. The core of the reactor will not be as 
large as that of a full-scale plant, but the thickness and concentration of the 
thorium blanket are to be the same as for a central-station thermal power- 
breeder of this type. Both the HRE-2 (or HRT) and the HTR are to have 
associated chemical equipment for processing the fuel solutions. 


Reactor with Unusuat MoprErator 


Thermal Test Reactor 


13.106. An unusual type of experimental reactor is the low-power Thermal 
Test Reactor (TTR) at Knolls Atomic Power Laboratory.t It uses highly 
enriched (90 per cent uranium-235) fuel, and a hydrocarbon oil, polyethylene, 
water, and graphite serve as moderators. One of the main purposes of the TTR 
is the determination of neutron absorption cross sections by the “danger coeffi- 
cient’? method; this is based on measurements of the change in reactivity of a 
reactor resulting from the addition to the core of a known amount of the ab- 
sorber.{ The TTR is also a good source of thermal neutrons and is said to be 
relatively inexpensive and safe to operate. It requires 2.7 kg of uranium-235 
to attain criticality. 

13.107. The active region of the reactor is a 3-in. annular space between a 
cylinder of graphite (12 in. diameter), which serves as an internal thermal column 
(and reflector), and an outer cylinder of aluminum (18 in. diameter). This space 
contains twenty fuel-slug tubes, each 2 in. diameter and 2 ft long (Fig. 13.26). 
The interstices between the slug tubes and the container are filled with water. 
Each fuel slug consists of a number of enriched uranium-aluminum alloy disks, 
0.040 in. thick and having a 33;-in. hole in the center, alternating with 0.20-in. 
polyethylene spacers, fitted on to an aluminum rod about 18 in. long. The 
slugs are immersed in a light paraffin-base oil in the slug tubes. The reactor 
core is surrounded by a graphite reflector to form (approximately) a cube of 
5-ft edge. 

13.108. The TTR is located in a cell of 10 * 15 ft floor area; this is surrounded 
by a 6-ft concrete wall on four sides. The ceiling is a 1-ft concrete slab. There 
is an opening, with a movable shield, in one wall of the cell for access to the 

* See p. 13 of Report on A.E.C.’s Five-Year Power Reactor Program, referred to in § 13,2h, 


+ Report AECD-3530; H. B. Stewart, et al., Nucleonics, 11, No. 5, 88 (1953). 
¢ Cf. H. L. Anderson, et al., Phys. Rev., 72, 16 (1947). 
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13.110] 


reactor when it is shut down. In another wall there is a 4 X 4 ft hole for the 


external thermal column. , 
13.109. Eight cadmium control rods, two for regulating and six for safety 


action, move in 3-in. diameter guide-tubes located in the space between the fuel- 
slug tubes and the outer aluminum cylinder containing the reactor. The safety 
rods have a magnetic release mechanism such as is used in many other reactors. 
Shim control is achieved by means of six thin cadmium sheets, clad with iron, 
which are also in the space between the slug tubes and the outer container wall. 
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Fia. 13.26 Cross section of Thermal Test Reactor at Knolls Atomic Power Laboratory. 
(Knolls Atomic Power Laboratory) 

The TTR. has no forced cooling and the normal operating level is about 0.1 kw; 
the maximum flux, which occurs at the center of the internal thermal column, 
is 3.4 & 10° neutrons/(cm?) (sec). 

13.110, ‘The internal thermal column is one of the special features of the TTR. 
A slot in the center permits the insertion of experimental samples, for danger 
coefficient measurements, in the region where the thermal flux is highest. The 
change in reactivity of the reactor is then determined from the displacement of a 
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calibrated control rod. For general neutron studies use is made of the external 
thermal column which is an extension of the graphite reflector. 


Fast REActToRS 


The Los Alamos Fast Reactor* 
Core: plutonium rods in 6 in. X 6 in. cylindrical cage 


Moderator: none 
Reflector: natural uranium and steel 
Shield: Masonite, iron, boron plastic layers (30 in.) + 18 in. barytes concrete 


Over-all dimensions: 11 X 15 X 9 ft high 
Controls: 2 safety, 2 regulating in uranium reflector 


Coolant: mercury 

Power: 25 kw 

Fast flux (max): 10 neutrons/(cm’) (sec), av. energy 0.5 Mev 

13.111. The first-known fast-neutron reactor was constructed at the Los 
Alamos Scientific Laboratory for experimental work requiring a good supply of 
fast neutrons.+ It commenced operation in November, 1946, at a power of 
about 10 kw, but this was increased later (in March, 1949) to 25 kw. The 
reactor was dismantled during 1953 partly because of the failure of at least one 
of the fuel elements and the resulting contamination of the mercury coolant. 

13.112. The reactor core consisted of a number of plutonium fuel rods, clad 
with steel, fixed vertically in a cylindrical steel frame, approximately 6 in. in 
diameter and 6 in. high. Originally, spacer rods of natural uranium were 
located between the fuel rods, but after the failure of one of these uranium rods 
in March, 1950, they were removed and replaced by dummy steel cans. The 
part of the reflector immediately surrounding the core consisted of blocks of 
natural uranium forming a cube of about 17-in. edge, with the reactor core in 
the center. Outside the uranium was a }-in. thick aluminum jacket containing 
tubes for cooling water, to remove the heat (about 1 kw) released in the uranium, 
and finally a 6-in. layer of steel to complete the reflector. 

13.113. Around the reflector was a 4-in. layer of lead, and the whole, con- 
stituting a cube of about 38-in. side, was enclosed in a gas-tight, aluminum 
jacket, gy in. thick, to prevent escape of fission gases. A constant flow of 
helium through the aluminum-sealed system served to dilute and carry off any 
such gases that were released from the fuel or reflector. 

13.114. The major portion of the shield, except in front of the thermal column, 
was made up of 3 in. of iron, 3 in. of pressed-wood fiber, 3 in. of iron, 8 in. of a 
plastic material containing boron, and then alternating 3-in. layers of iron and 


_»*E. T. Jurney, Nucleonics, 12, No. 9, 28 (1954); Chem. Eng. Prog. Symposium Series, No. 
13, 50, 191-(1954). 

+ The reactor was nicknamed “Clementine,” because of the association of “49,” the code 
name for the fuel (plutonium), with the location of the reactor in a canyon near Los Alamos, 


New Mexico. 
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boron plastic to a total thickness of 30 in. Finally, there was an 18-in. thick wall 
of barytes concrete. There were some minor differences in the nature of the 
ahield, e.g., at the top of the reactor, as may be seen in Fig. 13.27. Here, the 
shield consisted of removable layers of iron and boron plastic, and concrete rocks, 
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Fig. 13.27 Sectional drawing of Fast Reactor at Los Alamos Scientific Laboratory. 
(Los Alamos Scientific Laboratory) 


13.115. Control was achieved by means of four cylindrical rods, consisting of 
a lower section of natural uranium and an upper section containing boron-10. 
These rods, each of which had a reactivity equivalent of 0.004, moved in vertical 
holes in the uranium reflector near the core. Two of the rods were for safety 
purposes, which would drop upon receipt of appropriate signals; as a result 
part of the uranium in the reflector would be replaced by boron. The nepirltdinte 
loss of neutrons was sufficient to shut the reactor down. ‘The other two rods 
were used for regulating the power level of the reactor. As an added safety 
measure, a 70-lb block of uranium, part of the reflector immediately below the 
core, was arranged so that it could drop 3 in. in an emergency. 

13.116. In spite of the smaller fraction of delayed fission neutrons from 
plutonium-239 than from uranium-235 (see Table 2.11), so that the prompt- 
critical condition was attained more readily, control of the fast reactor did not 
prove difficult. ‘The fact that the core had a negative temperature coefficient 
of reactivity (—1.5 X 10-* per °F) made the reactor inherently stable, 
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13.117. Mercury was used as ¢oolant because of its excellent properties as a 
heat-transfer agent; although tke nuclei of this element readily absorb slow 
neutrons, the capture cross section for fast neutrons is very small. The mercury 
flowed through a steel pot, about 45 in. tall, at the bottom of which was the cage 
containing the fuel rods. It wasnot possible to drain the coolant from the core, 
otherwise the temperature might have become so high as to melt the plutonium. 
After leaving the pot at about 175°F, the mercury was circulated, by means of 
an electromagnetic pump, through a heat exchanger where it was cooled with 
water. 

13.118. In addition to a thermal column, with its neutron window of bismuth, 
which made possible studies wita slow neutrons, the reactor had a number of 
experimental holes for exposing naterials to fast neutrons near the core. Well- 
collimated beams, having a fast-neutron flux of 10° neutrons/(cm?)(sec), could 
also be obtained outside the reactor. Near the hydrogenous portion of the 
shield, neutrons of intermediate »nergy were available. 


The Experimental Breeder Reacto:* 


Fuel: uranium-235 (core ~0.14 f# total volume) 
Moderator: none 

Reflector and breeding blanket: vatural uranium 
Coolant: NaK alloy (two circuits) 

Power: 1000-1400 kw 

Fast flux (av): 2 X 10 neutrons/ (cm?) (sec) 


13.119. The Experimental Breeder Reactor (EBR), at Arco, Idaho, which 
commenced operation in 1951 (Fig. 13.28), was designed by the Argonne National 


Laboratory to obtain informatim concerning the possibilities of breeding with 
fast neutrons, with simultaneous power production using a liquid-metal coolant. 
Strictly speaking, the EBR is not a true breeder, since the fuel is uranium-235 
and the fissionable product is plutonium-239.t However, it was evident that if 
a conversion ratio greater than unity could be achieved in this system, a true 
breeder, using plutonium as fuel, should be practicable. 

13.120. The core of the EBR ias been described as being “about the size of a 
regulation football” ; this includes the almost pure uranium-235 fuel rods, as well 
as structural material and cooant. For the latter, sodium-potassium alloy 
(NaK) was chosen because of itssatisfactory thermal properties, its temperature 
stability, and its low melting point, as a result, of which it remains liquid at 
ordinary temperatures. Surrounding the core is a layer of natural uranium 
metal to act as reflector and breeding blanket; the uranium-238 captures fast 
neutrons escaping from the core with the ultimate formation of plutonium-239. 

13.121. The coolant flows by gravity, at a rate of 300 gal/min, from a feed 


* W_H. Zinn, Nucleonics, 10, No. 9.8 (1952); Atomic Industrial Forum Report, July, 1954, 
p. 39; H. V. Lichtenberger, Chem. Erg. Prog. Symposium Series, No. 13, 50, 139 (1954). 
+ A core containing plutonium-239 és fuel was scheduled to be loaded into the reactor during 


the early part of 1955. . 
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Fig. 13.28 General view of the Experimental Breeder Reactor at Arco, Idaho. 
(Argonne National Laboratory) 


tank through the reactor, to a heat exchanger and then to the receiver tank 
(see Fig. 13.29). From the latter, the NaK is pumped back to the gravity feed 
tank. Since the sodium, in particular, becomes radioactive in its passage 
through the reactor, the whole of this portion of the cooling system must be 
shielded. 

13.122. The coolant leaves the reactor at about 660°F and in the heat ex- 
changer some of the heat is removed by a second loop of NaK; since this does 
not become radioactive, it does not require shielding. The heat exchanger in 
the second loop is the steam generator (boiler) in which superheated steam is 
produced at 550°F and 400 psig. The steam is used to drive a turbogenerator 
capable of producing about 200 kw of electricity, ‘The first known generation 
at slacmeibt from nuclear power was realized from the HBR in late December, 

OL, 
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Fia. 13.29 Schematic representation of EBR and associated power plant. 
(Argonne National Laboratory) 


13.123. In order to remove the heat released by fission products after shut- 
down, without the use of the regular heat-exchanger system, the primary Nak 
circulates by free convection through a finned-tube cooler at the base of a stack. 
As the air is drawn up the stack, it moves across the fins and thus cools the NaK. 
In this way, the core (after shut-down) can be cooled sufficiently without the 

outside source of power. 
ae In spite of its at size, the EBR has been able to operate at a power 
level of 1400 kw. The power density is at least 4 kw/in.* or 250 kw /liter. It 
is believed that the power output was limited by auxiliary air cooling of soe 
parts of the system. The average fast neutron flux is 2x 10 neutrons/ (cm?) 
(sec). However, since xenon_poisoning-is.of no-significance in.a fast reactor, 
this flux presents no such.problems as it might for a thermal reactor. 

13.125. After the EBR had been operated for some time, analysis of samples 
of the core and the breeding blanket showed that the conversion ratio was at 





= Sai 
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least unity, so that a power-breeder, operating with fast neutrons, is feasible, 
Based upon the success of this experiment, a new EBR-2 is being developed, 
This will ultimately use plutonium in the core, so that it will be a true breeder, 
although initially uranium-235 may be included for metallurgical reasons. The 
reactor will have a gross thermal power, in core and blanket, of 62,500 kw, and 
the associated turbogenerator will have a net electrical output of, at least, 
15,000 kw. Liquid sodium, rather than Nak, will be.the coolant. It is hoped 
that a specific power of 500 to 1500 kw/kg of fissionable material will be at- 
tained, since values of this order of magnitude are desirable if breeding is to 
occur at a reasonable rate (§ 1.157). 

13.126. Pumps, heat exchangers, valves, and other hardware for the EBR-2 
will be of a size suitable for large-scale application. The temperature of the 
sodium coolant delivered to the steam generator will be limited only by corrosion 
of the available materials. The steam temperatures and efficiencies attained 
should be comparable with those in modern central-station power plants. — 
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Fia. 13.30 Schematic representation of Zero Knergy Fast Reactor at Harwell, England 
(Atomic Energy Research Establishment, Harwell, Hngland) 
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British Zero Energy Fast Reactor* 


13.127. The Zero Energy Fast Reactor (ZEPHYR) at Harwell, England, is an 
experimental facility of low power for the study of the behavior of fast-neutron 
systems. It first became critical in February, 1954. There is no provision for 
cooling, so that the maximum operating level is usually 1 or 2 watts. The core 
is a cylinder, about 6 in. in diameter and 6 in. high, containing plutonium and 
natural uranium; the reflector blanket is also of natural uranium. Control is 
achieved, as it was in the Los Alamos Fast Reactor, by the movement of uranium 
rods in the reflector near the core (Fig. 13.30). 

13.128. There is also a large movable block of uranium under the core; when 
this is pulled out the reactor is shut down. The lower end of this block is 
attached to a piston inside a cylinder; pressurized nitrogen is in the space above 
the piston, while the region below contains oil. A valve held in place by an 
electromagnet keeps the oil in the cylinder, but, if the magnet current is inter- 
rupted, the oil is released and the compressed nitrogen forces down the piston 
(and attached uranium block) at high speed. Return of the block to the 
operating position is achieved by closing the valve and applying pressure to 
the oil. , 

13.129. The ZEPHYR is located in a small room with concrete walls 2 ft 
thick and a removable concrete roof 14 ft thick, which serve as the shield. Pro- 
vided the reactor is in a subcritical condition, the room can be entered and 
adjustments made to the reactor and apparatus. By means of a series of inter- 
locks, start-up is prevented until the room is vacated and locked, and other 
necessary precautions are taken to avoid an accident. One of the purposes of 
the ZEPHYR is to obtain information for use in designing a fast-neutron breeder 
reactor for power production. 


*L. R. Shepherd, et al., Chem. Eng. Prog. Symposium Series, No. 13, 50, 1 (1954); see also, 
Nucleonics, 12, No. 3, 61 (1954). 
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Multiply 


TABLE A.1. CONVERSION FACTORS 


By 








Length 
centimeters 
centimeters 
feet 
inches 


Volume 
cubic centimeters 
cubic centimeters 
cubic feet 
cubic feet 
cubic feet 
cubic inches 
gallons 
gallons 
liters 
liters 


Mass 
grams 
kilograms 
pounds 
pounds 
pounds 
tons (short) 


Heat and Energy 


British thermal units 
British thermal units 
British thermal units 
British thermal units 
calories 

electron volts 
electron volts 
horsepower hours 
kilowatt hours 
million electron volts 
million electron volts 
million electron volts 
watt hours 





0.03281 

0.3937 
30.48 

2.540 


3.532 X 1075 
0.06102 
2.832 X 104 
7.481 
28.32 
16.39 

0.1337 

3.785 
0.03532 
0.2642 


2.205 X 107% 
2.205 
453.5 
0.4535 
5 X 1074 
2000 


251.8 

3.930 X 1074 
2.931 X 1074 
0.2931 
3.968 X 10-3 
1.603 X 107? 
1.603 X 10-# 

2544 

3413 
1.603 x 107° 
1.603 X 10-8 
1.520  10-% 
3.413 


839 


To Obtain 


feet 

inches 
centimeters 
centimeters 


cubic feet 

cubic inches 
cubic centimeters 
gallons 

liters 

cubic centimeters 
cubic feet 

liters 

cubic feet 

gallons 


pounds 
pounds 
grams 
kilograms 
tons (short) 
pounds 


calories 

horsepower hours 
kilowatt hours 

watt hours 

British thermal units 
ergs 

watt seconds 

British thermal units 
British thermal units 
ergs . 

watt seconds 

British thermal units 
British thermal units 
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TABLE A.l. CONVERSION FACTORS (continued) 
Multiply By To Obtain 
Power 
Btu/hour 2.931 * 10-4 kilowatts 
Btu/hour 0.2931 watts 
Btu/hour 3.930 X 10-4 horsepower 
horsepower 2544 Btu/hour 
horsepower 0.7457 kilowatts 
kilowatts 3413 Btu/hour 
kilowatts 1.341 horsepower 
watts 3.413 Btu/hour 
Specific Heat 
Btu/ (pound) (°F) 1.000 calories/ (gram) (°C) 
calories/ (gram) (°C) 1.000 Btu/(pound) (°F) 
Thermal Conductivity 
Btu/ (1b) (ft?) (°F/ft) 4.134 X 10-3 calories/ (gram) (cm?) (°C/em) 
calories/ (gram) (cm?) (°C/cm) 241.9 Btu/ (Ib) (ft?) (°F /ft) 
Density - 
cubic centimeters/gram 62.42 cubic feet/pound 
cubic feet/pound 0.01601 cubic centimeters/gram 
Viscosity 
centipoise 2.419 pounds/ (hour) (foot) 
poise 241.9 pounds/ (hour) (foot) 
pounds/ (hour) (foot) 0.4134 centipoise 
pounds/ (hour) (foot) 4.134 < 10-3 poise 





TABLE A.2.* 


Element 


Hydrogen 
Deuterium 
Helium 
Lithium 
Beryllium 
Boron 
Carbon 
Nitrogen 
Oxygen 
Fluorine 
Neon 
Sodium 
Magnesium 
Aluminum 
Silicon 
Phosphorus 
Sulfur 
Chlorine 
Argon 
Potassium 
Calcium 
Scandium 
Titanium 
Vanadium 
Chromium 
Manganese 
Tron 
Cobalt 
Nickel 
Copper 
Zine 
Gallium 
Germanium 
Arsenic 
Selenium 
Bromine 
Krypton 
Rubidium 
Strontium 
Yttrium 
Zirconium 
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MICROSCOPIC THERMAL-NEUTRON CROSS SECTIONS OF WHOLE ELEMENTS 


Niobium or Columbium 


Molybdenum 
Technetium 
Ruthenium 
Rhodium 
Palladium 
Silver 


Zz 


BHCONOaAKWNH RH 


46 


- 46 


a7 


At. Wt. 


2.015 
4.003 
6.94 
9.01 
10.82 
12.01 
14.008 
16.000 
19.00 
20.18 
22.997 
24.32 
26.98 
28.09 
30.98 
32.07 
35.457 
39.94 
39.100 
40.08 
45.10 
47.90 
50.95 
52.01 
54.93 
55.85 
58.94 
58.69 
63.54 
65.38 
69.72 
72.60 
74.91 
78.96 
79.916 
83.8 
85.48 
87.63 
88.92 
91.22 
92.91 
95.95 
101.7 
102.9 
106,7 
107,88 





Chemical 


1.0080 


Absorption 


(barns) 





0.33 
0.00046 
v. small 
70 
0.009 
750 
0.0045 
1.8 
0.0002 
0.009 
2.8 
0.50 
0.060 
0.21 
0.13 
0.20 
0.49 
31.6 
0.62 
2.0 
0.43 
23 
5.6 
5.1 
2.9 
13 
2.4 
37 
4.5 
3.6 
1.1 
2.7 
2.3 
4.1 
12 
6.5 
28 
0.70 
1.2 
1.4 
0.18 
1.1 
2.4 
2.5 
150 
8 
Wo 


Scattering 
(barns) 


20-80 
5.4 
0.8 
1.4 
7 
4 
4.8 

10 
4.2 
4.1 
2.4 
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1.7 
5 
1.1 
1.5 
1.5 
9 
4 
5 
3.0 
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11 
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4 
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844 APPENDIX 
TABLE A.4. PROPERTIES OF REACTOR COOLANTS 
Density Specific Heat Viscosity Thermal Conductivity 
lb/ft? Btu/ (Ib) (°F) Ib/ (hr) (ft) Btu/ (hr) (ft?) (CF/ft) 
Material p oF Cp °F B oF k °F 
Helium 0.01191 0 1.240 all 4.58 X 107? 45 8.30 X 1072 45 
(1 atm) 0.0087 212 temps. 5.81 405 10.1 242 
7.63 765 11.7 441 
9.26 1125 12.5 548 
10.76 1485 18.2 800 
16.7 1000 
Dry air 0.08624 0 0.240 45 4.23 < 107 45 1.43 X 107? 45 
(1 atm) 0.059 212 0.242 243 5.43 243 1.90 243 
0.038 570 0.246 441 6.46 441 2.34 441 
0.252 639 7.38 639 2.73 639 
0.270 1250 8.21 1250 3.09 1250 
0.287 2060 9.74 2060 3.77 2060 
Carbon dioxide 0.093 212 0.22 212 3.8 X 107? 100 1.2 X 1072 212 
(1 atm) 0.059 570 0.23 570 2.0 570 
Water vapor 1.01 500 0.68 467 4.6 X 107 500 2.7 x 10 467 
(500 psia) 0.863 600 0.41 600 5.0 600 2.9 600 
0.767 700 0.35 700 5.5 700 3.0 700 
0.694 800 0.34 800 6.1 800 3.2 800 
- 0.636 900 7.3 900 4.0 900 
Water 61.8 100 0.997 100 1.66 100 0.363 100 
(saturated liquid) | 60.1 200 1.00 200 0.75 200 0.395 200 
53.6 400 1.06 400 0.35 400 0.372 400 
42.2 600 1.55 600 0.20 600 0.285 600 
Sodium 57.9 212 0.331 212 1.66 219 49.7 212 
55.6 482 0.320 392 1.22 334 54.4 392 
53.3 752 0.306 752 0.922 482 43.8 572 
51.0 1022 0.300 1112 0.651 752 41.2 752 
48.7 1292 0.303 1472 0.440 1112 38.6 932 
Sodium (22 wt %) 55.3 212 0.269 212 14.9 212 1.32 219 
—potassium alloy 53.1 482 0.255 572 15.3 392 0.997 334 
(NaK) 50.8 752 0.249 932 15.7 572 0.765 482 
48.6 1022 0.248 1112 16.0 752 0.557 752 
46.3 1292 0.253 1472 16.3 932 0.390 1292 
Lithium 31.7 392 1.40 392 1.43 362 
30.6 752 1.23 572 1.39 382 
29.6 1112 1.09 752 1.34 406 
28.5 1472 1.00 932 1.19 484 
27.5 1832 1.10 . 546 
Bismuth 625 600 0.0345 600 3.92 600 
608 1000 0.0369 1000 2.66 1000 
Lead (44.5 wt %) 653 392 0.035 | 291-676 4.11 630 
-bismuth eutectic | 636 752 3.34 842 
619 1112 3.12 932 
602 1472 2.98 1022 
584 1832 2.83 1112 
Sodium hydroxide 110 700 0.540 700 7.9 700 
108 800 0.508 800 5.9 800 
106 900 0.476 900 4.7 900 
104 1000 0.443 1000 3.8 1000 
103 1100 0.410 1100 3.1 1100 
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Absorption coefficient, gamma-ray, energy, 
9.43 
linear, 2.60, 2.63-2.70 
for shield design, 10.93 
mass, 2.66 
Actinide elements, 7.16-7.59 
complex ions, 7.30—7.35 
electronic configurations, 7.19 
oxidation-reduction potentials, 7.41— 
7.51 
effect of complex ions, 7.48, 7.49 
effect of hydrogen ions, 7.50, 7.51 
properties, 7.44—7.46 
oxidation states, 7.17, 7.18 é 
disproportionation of, 7.54-7.59 
hexapositive, 7.28, 7.29 
pentapositive, 7.26, 7.27 
tetrapositive, 7.25 
tripositive, 7.23, 7.24 
positive ions, hydrolysis, 7.36-7.40 
separation by ion exchange, 7.124, 7.134 
Activation by neutrons, 8.179, 8.180, 8.229, 
9.126, 9.127 
method for neutron measurement, 5.105- 
5.109, 5.124, 5.125 
Adsorption carriers, 7.102-7.109, see also 
Sorption 
internal, 7.110 
Age, 3.90, 3.96 
-diffusion method, 3.103-3.109 
-displacement, 10.103 
equation, 3.88-3.90 
solution of, 3.93, 3.94 
experimental determination, 3.96 
physical significance, 3.95 
and temperature, 4.80 
Air, as coolant, 1.174, 8.230, 12.120-12.123, 
13.4, 13.6, 13.8, 13.138, 13.14, 
13.22, 13.26 
induced radioactivity, 9.126 
maximum permissible activity, 9.75 
monitor, 9.86 
radiation survey, 9.85-9.89 
-wall chamber, 9.37, 9.38 


Alpha particle, 1.60 
absorption, 2.32-2.37 
biological effects, 9.20, 9.23, 9.57 
emitters, 2.9, 2.10 
interaction with matter, 2.32-2.37 
range, 2.33, 2.35 
specific ionization, 2.27 
stopping power for, 2.35, 2.36 
thickness density for, 2.37 
survey meter, 9.97, 9.105 
Aluminum, 8.183 
as cladding, 12.167, 12.169 
Always-safe equipment, 7.31 
Americium, 7.18 
oxidation-reduction potentials, 7.43 
Amplifiers, 5.48-5.55, 5.69 
d-c, 5.48-5.52 
linear, 5.69 
logarithmic, 5.53-5.55 
Annihilation radiation, 2.46, 2.47, 2.59 
in reactor, 10.13 
APPR, 12.51-12.53, 13.79 
Argon, induced radioactivity, 9.126 
Army Package Power Reactor, see APPR. 
Atomic displacement theory, 8.103—-8.105 
mass, and binding energy, 2.88 
calculation of, 2.89 
number, 1.44 
and Compton effect, 2.55 
and electron-pair production, 2.58 
and photoelectric effect, 2.50 
structure, 1.42—1.48 
Auger effect, 2.51 
Augmentation distance, 3.24 
Automatic control, see Control 
Avogadro number, 1.87 


Barn, 2.110 
BEPO reactor, 12.113, 13.26 
Beryllium, 8.152-8.168 
age in, 3.96 
corrosion of, 8.166~8.168 
diffusion properties, 3.37, 8,128 
fabrication, 8, 163-8, 165 
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Beryllium (Continued) 
migration length, 3.99 
-moderated reactors, 12.71, 12.83 
moderating properties, 3.63, 3.64, 8.123 
neutron lifetime, 3.102 , 
production, 8.155 
properties, 8.152, 8.153, 8.161, 8.162 
slowing down length, 3.99 
power, 3.63 
time, 3.102 
Beryllium carbide, 8.160 
Beryllium oxide, 8.159, 8.220 
moderating properties, 8.123 
as structural material, 8.219, 8.220 
Beta particle, 1.58 
absorption, 2.38-2.46 
biological effects, 9.23, 9.57 
bremsstrahlung from, 2.25, 2.41, 
2.42 
emitters, 2.4, 2.9, 2.10 
energy in fission, 1.81 
energy spectrum, 2.38 
interaction with matter, 2.38-2.46 
positive, 2.4, 2.46 
range, 2.40, 2.43 
specific ionization, 2.27 
thickness density for, 2.44, 2.45 
Binding energy, 2.87—2.90 
and fission, 2.156—2.159 
Biological effects of radiation, 9.15-9.28, 
9.78, see also Radiation 
half-life, 9.71—-9.73 
Bismuth, as coolant, 8.246, 12.86 
as fuel medium, 12.141-12.144 
Boiling, film, 11.173 
liquid, heat transfer, 11.170—11.190 
coefficient, 11.183-11.190 
nucleate, 11.172 
in reactor systems, 11.177-11.182, see also 
Boiling-water reactors 
subcooled, 11.175 
surface, 11.171 
volume, 11.176, 
-water reactors, 8.238-8.241, 12.149-12.155, 
13.76, 13.77 
Boral, 8.221, 10.49 
Boraxal, 10.49 
Boron, cross section, 2.138 
compounds, ceramic, 8.221 
neutron reactions, 2.92 
in shields, 10.46, 10.48, 10.49 
thermopile, 5.121—-5.123 
Boundary conditions, diffusion, 3.19-3.24 
Bragg curve, 2.32 
Breeder reactors, 12.97-12.103, see also 
EBR 
fast, 12.97-12.100, 12.102 
thermal, 12.100, 12,102 


Breeding, 1.149, 1.154-1.160 
blanket, 1.168, 12.102 
doubling time, 1.155-1.157 
gain, 1.155 
and processing efficiency, 1.165, 1.166 
Bremsstrahlung, 2.24, 2.25, 2.40-2.42, 
2.47 
in reactor, 10.11 
British reactors, see BEPO, Calder Hall, 
DIMPLE, GLEEFP, and ZEPHYR 
Brookhaven reactor, 12.13, 13.20—-13.25 
control panel, 6.83 
control rods, 6.86 
Buckling, 3.108 
and critical size, 3.110-3.118 
experimental determination, 3.198-3.200 
and moderator-fuel ratio, 3.152 
temperature effect, 4.88 
Build-up factor, 10.67 
Built-in (or excess) reactivity, 6.31-6.40, 
12.110-12.113 
Bulk Shielding Facility, 10.120, 10.124— 
10.126, see also Swimming Pool 
reactor 
Burn-up, 12.81 
and cost of nuclear power, 12.227-12.230 


Cadmium, neutron capture, 2.83 
cross section, 2.132 
in shields, 10.24, 10.25 
Calder Hall reactor, 12.58, 12.84 
Canadian reactors, see ZEEP, NRU, NRX 
reactors 
Capture gamma rays, 1.57, 1.82, 2.81 
energy of, 2.86—2.90 
of neutrons, parasitic, 1.91, 1.92, see also 
Poisons 
radiative, 1.57, 1.59-1.62, 2.81-2.85 
Carbon, see Graphite 
dioxide, as coolant, 8.233, 12.58, 12.84, 
13.45 
Carriers, adsorption, 7.102 
hold-back, 7.106 
precipitate, 7.93 
scavenger, 7.105 
solid solution, 7.94, 7.95 
Cascade, gaseous-diffusion, 8.64 
ideal, 8.81-8.87 
squared-off, 8.88-8.90 
total reflux, 8.76—8.80 
Center-of-mass (C) system, 3.46 
Cent unit, 4.50 
Ceramics, 8.212—8.221 
in fuel elements, 8.217 
radiation effects, 8.214 
uses of, 8.216-8,.221 
Cermets, 8,215 
Chain reaction, see Mission chain 
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Chambers, see Ion chambers, Pocket 
chambers 
Chelate compounds, 7.163 
Chemical-exchange method, 8.131-8.137 
Chemistry, of actinide elements, 7.14—7.59, 
see also Actinide elements 
of fission products, 7.60—7.86 
of heavy elements, 7.14—7.59 
reactor, 7.2 
separations, 7.3, 7.5, 7.92—7.202 
ion-exchange, 7.116—7.153 
precipitation, 7.92-7.113 
solvent extraction, 7.154-7.199 
sorption, 7.114, 7.115 
volatilization, 7.200—7.202 
Circulating fuel reactors, 12.132—-12.148, 
see also HRE, LMFR 
aqueous slurries, 12.139-12.140 
aqueous solutions, 12.132—12.137 
heat transfer in, 11.16, 11.138-11.147 
kinetics of, 4.55 
nonaqueous, 12.141—12.148 
stability, 4.94 
Clementine, 13.111, see also Los Alamos Fast 
Reactor 
Collision density, 3.67 
Collisions, neutron, see Scattering 
Complex ions, in actinide series, 7.30—7.35 
and oxidation potentials, 7.48, 7.49 
and ion-exchange separations, 7.134— 
7.138 
Compound nucleus, 1.57, 2.80 
excited state, 2.135, 2.140 
and resonance, 2.136 
in fission, 2.153, 2.165 
critical energy, 2.154 
liquid-drop model, 2.151 
Compton effect, 2.52-2.56, 2.63, 2.64 
in shields, 10.13 
Concrete for shields, 10.43-10.46 
barytes, 10.43-10.45 
heavy, 10.44-10.46 
iron, 10.45-10.46 
Conduction, see Heat transmission 
Contact thermal resistance, 11.98-11.101 
Continuous slowing down model, 3.83-3.87, 
see also Age 
Control, 1.122—1.126 
automatic, 6.13-6.21, 6.62, 6.119-6.154 
design, 6.122-6.130 
servomechanism, 6.131—6.142 
by temperature, 6.143-6.154 
basic principles, 6.1—6.4 
circuits, 6.67 
effectors, 6.84—6.88 
information, 6.61, 6.62 
instruments, 6.67, see also Instruments 
interlocks, 6,.91-6,04 


load loop, 6.12-6.21, 6.146-6.154 
operator loop, 6.12-6.21, 6.62 
functions, 6.75-6.82 
panel, 6.83 
and poisoning, 6.34-6.36, 6.46 
quantities, 6.63—6.67 
in reactor operation, 6.168-6.171 
shut-down, 6.172, 6.173 
start-up, 6.155-6.167 
rods, 1.123, 6.25-6.30 
calibration, 6.49-6.52 
effectiveness, 6.43-6.45 
location, 6.46—6.48 
range, 6.31-6.42 
regulating, 6.26-6.28, 6.42, 6.92 
safety, 6.29, 6.41, 6.92 
shim, 6.25, 6.42, 6.92 
room, 6.82, 6.83 
safety system, 6.89-6.115 
back-up, 6.30, 6.101 
circuit, 6.112 
design, 6.96-6.118 
and response time, 6.118 
specifications, 6.22—6.62 
Convection, see Heat transmission 
Conversion, 1.136, 1.147-1.154 
efficiency, 1.189, 1.147—1.154 
ratio, 1.151, 12.37-12.42 
Converters, see Production reactors 
Coolant, 1.173, 8.223-8.257, 12.119-12.129 
bismuth as, 8.246, 12.86, 12.141-12.144 
choice of, 12.119-12.129 
flow rate, maximum, 12.118 
fused hydroxides as, 8.251, 12.145, 12.147 
fused salts as, 8.252, 8.253, 12.145, 12.146 
gaseous, 8.230-8.233, 12.120-12.123 
heat-transfer properties, comparison, 
‘ 11.134-11.137 
heavy water as, 8.240, 8.241 
liquid metal as, 8.242-8.251, 12.123- 
12.129 
operating temperatures, 12.173-12.183, 
12.187, 12.188 
organic liquid as, 8.255-8.257 
orificing of, 11.45 
properties of, 8.229, Table A.4 
requirements of, 8.223-8.229 
sodium as, 8.247-8.251, 12.91, 12.126- 
12.128, 12.188 
and steam system, 11.185-11.190 
system, 11.11-11.26 
multiflow (or multipass), 11.45 
pressure drop, 11.151-11.161 
pumping power, 11,162-11,164 
temperature distribution in, 11,102-11.114 
water as, 8,.234-8,239, 12,126-12,129, 
12,187 
Cooling period (or time), 2.182, 7,62, 7.65 
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Corrosion, 8.177 
of beryllium, 8.166-8.168 
by bismuth, mass transport, 8.246 
of zirconium, 8.208-8.211 
Cost of nuclear power, 12.113-12.131 
Counter, G-M, 5.78-5.84, 9.86, 9.95, 9.119 
geometry, 5.107 
with ion chamber, 5.61—5.70 
noise, 5.100, 5.101 
proportional, 5.71-5.77 
pulse, 5.91, 5.92 
resolving time, 5.63 
scintillation, 5.85-5.90 
statistical errors, 5.97-5.99 
Counting- (or count-) rate meters (CRM), 
5.93-5.96 
errors, 5.97-5.101 
logarithmic, 5.96 
uses, 5.112, 5.114, 5.115 
C.P. (Cutie Pie) meter, 9.102, 9.103, 9.108 
CP-1 reactor, 12.10, 13.4, 13.5 
CP-2 reactor, 12.10, 12.13, 13.6 
CP-3 reactor, 13.30—13.34 
CP-3’ reactor, 13.50 
CP-5 reactor, 13.51-13.58 
Critical assembly, 3.191-3.197, 12.108 
energy for fission, 2.154 
equation, 1.110, 1.111, 3.108 
derivation, 3.103-3.109 
for large reactor, 3.123 
one-group, 3.205, 3.206 
with water as moderator, 3.162, 3.163 
mass, 1.9 
minimum, 3.158 
size, 1.9, 1.96-1.101, 1.112-1.117 
and buckling, 3.110-3.118 
calculation, in heterogeneous system, 
3.188-3.190 
in homogeneous system, 3.145-3.152 
and effective multiplication, 3.125, 3.126 
experimental determination, 3.191—3.200 
factors affecting, 1.100 
and infinite multiplication, 1.98 
and migration length, 1.112—1.115 
minimum, 3.118, 3.153-3.161 
and moderator-fuel ratio, 3.152 
system, 1.94 
Criticality problem, in power reactor, 12.105— 
12.109 
Cross section, 1.63, 2.109-2.149, 2.160 
definition, 2.110 
determination, 2.116—2.120 
effective removal, 10.109-10.115 
fast-neutron, 2.134 
fission, 2.160 
* macroscopic, 2.112—2.115 
microscopic, 2.112 
and neutron energy, 1.64, 2,130-2,147 


and nuclear reaction rates, 1.63, 2.121 
resonance, 1.66, 2.132, 2.136 
scattering, 2.141—2.145 
significance of, 2.111 
thermal-neutron, 2.126-2.129, 2.148, 
2.149, Table A.2 

1/v law, 1.65, 2.131, 2.138 

Curie unit, 2.14-2.17 

Current, neutron, 3.12 

Cut, in gaseous diffusion, 8.68 


Delayed neutrons, 1.73, 1.74, 1.128—1.135, 
2.167—2.170 
decay constants, 4.22 
average, 4.22, 4.37 
energies, 2.167 
mean life, 4.5 
precursors, 2.169, 2.170 
and prompt critical, 4.46-4.49 
and reactor kinetics, 4.10-4.73 
one-group treatment, 4.22—4.34 
yields, 2.167, 4.20 
Deuterium, 1.62 
oxide, see Heavy water 
Diffusion coefficient, 3.13, 3.387, 8.123 
equation, 3.17, 3.18 
boundary conditions, 3.19-3.24 
solutions of, 3.19-3.31, 3.39-3.44 
time-dependent, 4.2 
solutions of, 4.2, 4.18 
length, 3.32-3.38 
experimental determination, 3.36 
results, 3.37, 8.123 
in reactor, 3.147, 3.189 
and temperature, 4.77 
of neutrons, 3.8-3.44 
from infinite plane source, 3.39-3.44 
from point source, 3.28-3.31 
theory, 3.11 
time, 3.102 
DIMPLE, 13.40 
Disadvantage factor, 3.170, 3.174 
Disproportionation potentials, 7.55 
reactions, 7.54—7.59 
rates of, 7.58 
Distillation, heavy water by, 8.130, 8.137 
of liquid hydrogen, 8.138, 8.139 
Distribution coefficient (or ratio), for pre- 
cipitation, 7.96, 7.97, 7.99 
for solvent extraction, 7.59 
law, Doerner-Hoskins, 7.99 
Nernst-Berthelot, 7.96 
Doerner-Hoskins law, 7.99 
Dollar unit, 4.50 
Doppler effect, neutron, 4.83 
Dose rate, from cylindrical surface source, 
10.61, 10,62, 10,144, 
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Dose rate (Continued) 
from generalized surface source, 10.139- 
10.144 
from plane source, 10.56, 10.57, 10.70- 
10.79, 10.133-10.138 
from point source, 9.45-9.50 
from spherical surface source, 10.58— 
10.60, 10.143 
from volume-distributed source, 10.81- 
10.86 
Doubling time, 1.155-1.157 
Dual-purpose reactors, 1.39, 1.161, 12.56- 
12.59 
Dual-temperature process, for heavy water, 
8.135, 8.136 


EBR, 1.102, 1.163, 11.9, 13.119-13.126 
EBWR, 8.238-8.241, 12.149-12.155, 13.76, 
13.77 
Economic aspects, 12.213-12.231 
Effective half life, in body, 9.71-9.73 
Effective multiplication factor, see Multi- 
plication 
Effective removal cross sections, 10.109- 
10.115 
Effective resonance integral, heterogeneous 
system, 3.165-3.168 
homogeneous system, 3.135, 3.136 
e-folding time, see Reactor period 
Einstein equation, 1.76 
Elastic scattering, see Scattering 
Electrolytic method, for heavy water, 8.129, 
8.137 
Electromagnetic pumps, 8.251 
Electrometer, vibrating reed, 5.46, 5.47 
Electron, 1.43 
mass, 1.58 
-pair production, 2.57-2.59 
positive, 2.4, 2.46, 2.57 
-volt (ev) unit, 1.50 
Electroscope, 5.25, 5.26 
Lauritsen, 9.101 
for neutrons, 9.106 
Eluate, 7.127 
Eluent, 7.127 
Elution, 7.126 
Energy, absorption coefficient, 9.48, 11.96 
excitation, 1.51, see also Excitation 
see also, Fission, Nuclear, ete. 
Enrichment factor, 8.63 
Epithermal neutrons, 1.55 
Equivalent diameter, 11.122 
Excess (built-in) reactivity, 6.31-6.40, 
12,110-12.113 
Excitation energy, nuclear, 1.51, 2.22, 2,101 
and resonance phenomena, 2,135, 
2.136 
by radiation, 2.26 


Excited state, nuclear, 2.22, 2.101 
Exclusion area, reactor, 9.7 
Experimental Boiling Water Reactor, see 
EBWR 
Experimental Breeder Reactor, see EBR 
Experimental reactors, see Research reactors 
Exponential experiment, 3.198-3.200, 12.108 
integral function, 10.71 
pile, 3.199 
Extraction factor, 7.182 
Extrapolation distance, 3.24-3.27 


Fast-fission effect, 3.131 
factor, 3.131 
and conversion ratio, 12.36, 12.37 
Fast neutrons, 1.50, 1.55 
biological effect, 9.22, 9.57 
cross sections, 2.1384, 2.146 
detection and measurement, 5.7, 5.31, 
5.382, 5.125, 9.100, 9.107, 9.118, 
9.117 
dosimeter, 9.100 
effective removal cross sections, 10.109- 
10.115 
film badge, 9.118, 9.117 
fission by, 2.157, 3.131 
maximum permissible exposure, 9.60, 
9.62-9.64 
reactions, 2.95-2.97 
scattering, 2.98-2.104 
shielding, 10.15, 10.99-10.102, 10.109- 
10.115, 10.127-10.129 
slowing down, 3.45-3.75, 10.17-10.20, 
see also Moderators 
Fast reactors, 1.9, 1.102, 1.108, 1.118, 1.117, 
12.64-12.69, 12.97-12.99, 13.111- 
13.129 
control of, 1.125, 1.175, 6.9 
theory of, 3.229-3.331 
Fermi age, see Age 
slowing down model, 3.83-3.87 
Fertile materials, 1.13, 1.187, 1.151-1.154 
Fick’s law, 3.12 
Film badge, 9.113-9.118 
Filtron, 9.87 
Fish-pole probe, 9.103 
Fission, 1.1, 1.8, 1.67 
and binding energy, 2.156—2.159 
critical energy for, 2.154 
importance of, 1.71 
mechanism of, 2.150—-2.159 
and nuclear type, 2.159 
rate, 2.162—2.164 
spontaneous, 1.69 » 
Fission chain, 1,8, 1,88 
convergent, 1,04, 1,124 
divergent, 1,04, 1,122 
solf-muataining, 881,08, 1,041,101 
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Fission chamber, 5.66, 5.67, 5.114 
Fission cross section, 2.160, 2.161 
and energy, 1.68, 2.160 
Fission energy, 1.4, 1.5, 1.10, 1.75-1.87 
calculation, 1.77, 1.78 
delayed, 1.84 
distribution of, 1.80—1.84 
instantaneous, 1.84 
per pound, 1.87 
release of, 11.31 
Fission fragments, 1.67 
charge on, 2.176 
damage due to, 8.114, 8.115 
energy of, 1.81, 1.84, 2.175 
range of, 2.176, 2.177 
Fission gamma radiations, 1.81, 2.171, 
2.172, 2.178, 2.179, 10.7 
Fission neutrons, 1.8, 1.14, 1.72-1.74, 2.165- 
2.170 
delayed, see Delayed neutrons 
number of, 1.72 
per capture in fuel, 1.104-1.107 
energy dependence, 1.106 
prompt, 1.73,°2.165, 2.166 
Fission products, 1.8, 1.15, 1.67, 2.173-2.201 
chemistry of, 7.60—7.86 
decay of, 2.180-2.185, 2.196-2.201 
energy of, 1.85, 2.180-2.183 
as poisons, 1.119-1.121, 4.95-4.115, see 
also Samarium, Xenon 
primary, see Fission fragments 
radioactivity of, 2.173, 2.178, 2.179, 
2.184, 7.65, 7.89, 7.90 
specific, accumulation of, 2.181-2.195 
in spent fuel, 7.84, 7.85, 7.88 
decay, 2.196—2.201 
uses of, 7.215 
Fissionable material, energy equivalence, 1.4, 
1.5, 1.86, 1.87 
species, 1.9, 1.12, 1.68, see also Plutonium, 
Uranium 
Fluid flow, 11.115-11.123 
laminar (or streamline), 11.117 
and Reynolds number, 11.119-11.123 
turbulent, 11.121 
Fluoride, coolant, 8.253 
fuel system, 12.146 
Foil detectors, 5.105-5.109 
Fossil fuels, 1.2, 1.18 
Four-factor formula, 3.134 
Fourier equation, heat conduction, 11.62 
French reactors, see Saclay, ZOE reactors 
Frenkel defect, 8.103 
Friction factor, 11.153, 11.154 
Fuel burn-up, 12.81 
and power cost, 12.227-12.230 
channel, average-to-maximum power, 
11,80-11,41 


number of, 11.112 
temperature distribution in, 11.102- 
11.114 
circulating, 11.16, 12.1382-12.148, see also 
Circulating fuel reactors 
depletion allowance, 6.33, 6.40 
elements, 12.157-12.172 
cladding, 12.167—12.172 
cylindrical, 12.160-12.162 
heat transmission in, 11.86-11.91 
heat generation in, 11.32—-11.34 
heat transmission in, 11.81—11.91 
plate type, 11.163-11.166 
heat transmission in, 11.81-11.85 
thermal stress in, 11.201 
temperature distribution, 11.102-1 1.114 
maximum, 11.110, 12.116 
fossil, 1.2, 1.18 
nuclear, materials, 8.1-8.59, see also 
Plutonium, Thorium, Uranium 
resources, 1.5 
utilization, 1.11-1.14 
Fused hydroxide, as coolant, 8.254 
fuel system, 12.147, 12.148 _ 
salt, as coolant, 8.252, 8.253 
fuel system, 12.145, 12.146 
Fusion energy, 1.6 


Galvanometers, 5.43-5.45 
Gamma rays, 2.19-2.23 
absorption, 2.60-2.70 
coefficient, energy, 9.43 
linear, 2.60, 10.91—-10.94 
mass, 2.66 
and thickness-density, 2.68 
biological effectiveness, 9.57 
capture, see Capture gamma rays 
Compton effect, 2.52-2.56 
energy of, 2.23 
and absorption coefficient, 2.63-2.70 
in fission, 1.81, 1.84 
fission, 1.81, 2.171, 2.172, 2.178, 2.179 
flux, maximum permissible, 9.61 
roentgen equivalent, 9.43, 9.44, 9.67 
heating, 11.19, 11.48-11.59 
inelastic scattering, 2.98-2.102 
in shield, 10.14 
ionization by, 2.30 
interaction with matter, 2.47-2.70 
maximum permissible exposure, 9.60, 9.61 
pair production, 2.53-2.57 
photoelectric effect, 2.49-2.51 
range, 2.69 
in reactor, 10,11-10.14 
relaxation length, 10,64, 10,9910, 104 
replacement length, 10,116 
souttering, 2.522,56, 10,06. 








INDEX . 851 


Gamma rays (Continued) 
secondary, 10.14, 10.103 
shielding, 10.87—10.97, 10.99-10.104, 10.116, 
10.130, 10.131 
source strength, 10.87-10.90 
Gas amplification, 5.16-5.18 
Gas-cooled power reactor, 12.58, 12.84, 
12.120-12.123 
Gaseous diffusion, 1.142, 8.60-8.93 
cascade, 8.64 
ideal, 8.81—8.87 
squared off, 8.88-8.90 
total reflux, 8.76-8.80 
cut, in, 8.68 
enrichment factor, 8.63 
principles, 8.60—8.65 
separation factor, 8.63 
stage, 8.66 
stages in, 8.79, 8.86 
theoretical treatment, 8.71-8.88 
Gas-turbine reactor system, 12.121—-12.123 
Geiger (G-M) counter, 5.78-5.84 
air monitor, 9.86 
dead time, 5.83 
general characteristics, 5.78-5.80 
quenching, 5.81, 5.82 
resolving time, 5.83 
starting potential, 5.21 
survey meter, 9.95, 9.119 
plateau, 5.21 
region, 5.19-5.23 
threshold, 5.21 
Geometry, counter, 5.107 
shielding, 10.50—10.62, 10.182-10.144 
GLEEP, 12.13, 13.8 
Graphite, 8.169-8.173, 8.220 
age in, 3.96 
diffusion properties, 3.37, 8.123 
time in, 3.102 
infinite multiplication factor, 3.178-3.180 
migration length in, 3.99 
-moderated reactors, power, 12.83, 12.91, 
12.141-12.148 
research, 12.18, 12.14, 12.33, 12.34, 
13.4-13.29 
moderating properties, 3.64, 8.123 
production, 8.169, 8.170 
properties, 8.171-8.173 
radiation effects, 8.116 
slowing down length, 3.99 
power, 3.63 
time, 3.102 
Grashof number, 11.149 
Green salt, 8.22, 8.24 
sludge, 8.12 
Group method, 3.203 
multigroup, 3,220-3,228 
one-group, 3,204-8,210 


Hafnium, 8.193, 8.194 
dioxide, 8.221 
Half-life, biological, 9.71-9.73 
of delayed neutrons, 2.168 
effective, in body, 9.71 
radioactive, 2.7 
and curie strength, 2.15 
of heavy isotopes, 2.9 
Half-value layer, 2.61 
Hand-and-foot counter, 9.120 
Head, loss of, 11.157 
velocity, 11.156 
Health physics, 1.188, 9.3 
activities, 9.8-9.14 
Heat, fission, 1.83, 1.170 
generation, in fuel elements, 11.32-11.34 
in moderator, 11.18, 11.46, 11.47 
in reactor, 11.5, 11.7, 11.17-11.19, 
11.37-11.59 
in reflector, 11.18, 11.19, 11.49-11.59 
in shield, 11.18, 11.19, 11.49-11.59 
release, after shut-down, 11.30 
rate, 11.9 
time dependence, 11.29 
removal from reactor, 1.27-1.30, 1.69, 
11.11-11.26, 12.114-12.156, see 
also Coolants 
source, cosine distribution, 11.106 
exponential, 11.95-11.97 
transfer, boiling, 11.170-11.190 
coefficient, 11.67 
boiling, 11.183-11.190 
in free (natural) convection, 11.148- 
11.150 
of gases, 11.126 
over-all, 11.75 
for turbulent flow, ordinary liquids, 
11.124-11.128 
liquid metals, 11.129-11.133 
water, 11.128 
in fluid with internal source, 11.138- 
11.145 
in slurries, 11.145—11.147 
transmission, by conduction, 11.62-11.65 
by convection, 11.65-11.70 
in cylinder, with source, 11.86-11.89 
in fuel elements, 11.81—-11.91 
in hollow cylinder, insulated, 11.92-11.94 
with source, 11.89-11.91 
without source, 11.73-11.75 
in moderator, 11.92-11.94 
in plate, with source, 11.79-11.85 
; without source, 11.70-11.72 
in pressure vessel, 11,95-11,97 
in shield, 11,95-11,97 
in ayatomea with souree, 11.76611,07 
Heavy isotopes, build-up, 7,1067,18 
chemiatry of, ave Actinkde elomenta 
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Heavy water, age in, 3.96 
as coolant, 8.240, 8.241, 12.85, 12.103 
diffusion properties, 3.37, 8.123 
time in, 3.102 
infinite multiplication factor, 3.181, 3.183 
migration length in, 3.99 
-moderated reactors, power, 12.80—-12.83, 
12.85, 12.89, 12.90 
research, 12.15-12.19, 12.34, 13.30-13.58 
moderating properties, 3.64, 8.123 
production, 8.128-8.139 
properties, 8.126, 8.127 
radiation decomposition, 8.140-8.147 
slowing down length, 3.99 
power, 3.63 
time, 3.102 
Helium, as coolant, 8.232 
as moderator, 3.63, 3.64 
Heterogeneous systems, 1.176, 3.165-3.190 
effective resonance integral, 3.166—-3.168 
fast-fission factor, 3.176 
infinite multiplication factor, 3.177- 
3.187 
resonance escape probability, 3.170—- 
3.173 
thermal utilization, 3.174, 3.175 
Hex, see Uranium hexafluoride 
Homogeneous Reactor Experiment, see HRE 
Homogeneous systems, 1.177, 1.178, 3.135- 
8.161, 12.20-12.23, 12.31, 12.38, 
12.94-12.96, 13.86-13.105 
circulating fuel, 12.182—12.148 
criticality calculations, 3.145-3.161 
internally cooled, 12.156, see also Water 
Boiler 
minimum critical mass, 3.153-3.161 
resonance escape probability, 3.135, 
3.136, 3.138 
thermal utilization, 3.137-3.139 
Homogeneous Thorium Reactor, see HTR 
Hot-channel factors, 12.205 
HRE, 1.77, 1.178, 13.98-13.105 
HTR, 12.103, 13.105 
Hurwitz transformation, 10.136 
Hydraulic diameter, 11.122 
Hydrocarbons, coolant and moderator, 8.256 
Hydrogen coolant, 8.231 
heavy, see Deuterium 
neutron capture in, 1.62, 2.82 
scattering by, 2.141, 2.144 
-oxygen recombination, 8.148-8.151 
peroxide, decomposition, 8.144 
formation, 8.141, 8.143 
in shield, 10.41—10.48 
Hydrolysis of actinide ions, 7.36-7.40 
Hydroxide, fused, systems, 8.254, 12.147, 
12,148 


Indium, neutron capture, 2.84 
cross sections, 2.132 
Inelastic scattering, see Scattering 
Infinite multiplication factor, see Multi- 
plication factor 
Inhour relationship, 4.44, 4.45 
unit, 4.43 
Instruments, detecting, 9.95-9.100, 9.108 
neutron, 9.99, 9.100, 9.108 
measuring, 9.101—9.108 
monitoring, air, 9.86—9.89 
personnel, 9.109-9.118 
water, 9.90-9.92 
survey, 9.119, 9.120 
for processing plants, 7.233-7.240 
radiation, 9.85-9.120, see also G-M 
counter, Ionchamber, Proportional 
counter 
calibration, 9.40 
reactor, 5.1-5.127 
control, 5.34-5.36, 5.110-5.127, 6.67— 


6.70 

counter range, 5.112, 5.114-5.116, 
6.67 

power range, 5.112, 5.117, 5.121- 
5.127, 6.67 


start-up, 5.114 
power determination, 5.121—5.123, 5.127 
Intermediate neutrons, 1.55, 1.103 
reactors, 1.22, 1.103, 1.121, 1.175, 12.70- 
12.72 
theory of, 3.224-3.228 
Inverse square law, radiation attenuation, 
9.46, 10.68 
Ion chamber, air-wall, 9.37 
compensated, 5.38, 5.39 
differential, 5.37 
fission, 5.66, 5.67, 5.114 
integrating type, 5.24-5.30 
current-measuring, 5.28-5.30, 5.40- 
5.60 
electrostatic, 5.25-5.27, 9.101, 9.106 
for neutron detection, 5.31-5.33, 5.37— 
5.39 . 
logarithmic scale, 5.53-5.55 
and period meter, 5.56, 5.57 
pocket meter, 9.110—-9.118 
pulse-counting type, 5.61—5.70 
for radiation monitoring, 9.101—9.103 
in reactor control, 5.34-5.39 
thimble, 9.37, 9.38 
Ton-exchange, 7.116—7.153 
applications, 7.139-7.144, 8.15 
column design, 7.145-7.153 
principles of, 7.120-7.123 
resins, 7.117, 7.118 
capacity of, 7.121 
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Ion-exchange (Continued) 
separation factor, 7.128 
effective, 7.145 
separations by, 7.126—7.138 
theoretical stage, 7.146-7.152 
Ionization, 2.26 
by alpha particles, 2.32 
by beta particles, 2.38 
chamber, see Ion chamber 
by fission fragments, 2.176 
by gamma rays, 2.30, 5.6 
by neutrons, 2.92, 5.7-5.10 
and radiation damage, 8.95, 8.96 
in solids and liquids, 5.85, 5.86 
specific, 2.27 
and biological effect, 9.20 
Ionizing radiation, see Radiation 
Ion-pairs, 2.26 
in electrical field, 5.11-5.21 
energy of formation, 2.29 
Isotopes, 1.46—1.48 
of hydrogen, separation, see Heavy water 
production 
radioactive, 2.4 
of uranium, 1.142, 8.60-8.93, see also 
Gaseous diffusion 
Isotopic ratio, 1.107 


JEEP reactor, 13.46, 13.47 


Kilocurie, 2.14 
Kinetic energy in fission, 1.81 
of neutrons and resonance, 2.136 
Kinetics, reactor, 4.1-4.73, see also Reactor 
period 
circulating fuel, 4.55 
with delayed neutrons, 4.10—4.28 
one group, 4.22—4.34 
for linear change in reactivity, 4.51-4.55 
with primary source, 4.67—4.72 
with prompt neutrons, 4.2—4.9 
simulators, 4.56-4.62 
with sinusoidal reactivity variation, 
4.63-4.67 
Kjeller reactor, 13.46, 13.47 
Klein-Nishina formula, 2.55 


Laboratory (L) system, 3.46 
Lanthanide series, 7.14—7.16 

and ion exchange, 7.124 
Laplacian operator, 3.16 
Lauritsen electroscope, 9.101 

' for neutrons, 9.106 
Leakage, neutron, 1.91, 1.93, 3.1, 3.4, 3.16, 
see also Nonleakage probability 
Lid Tank Shielding Facility, 10.120-10,123 
applications, 10,127-10,129 


Lifetime, see Neutron lifetime 
Liquid-drop model, 2.151 
Liquid-liquid extraction, see Solvent extrac- 
tion 
Liquid metal, as coolant, 8.242-8.251, 
ei 12.91, 12.125-12.128, Table 
4 
fuel, reactor, 8.246, 11.189, 12.141- 
12.144 
heat-transfer coefficient, 11.126—11.133 
pumping, 8.251 
Lithium, as coolant, 8.247 
cross sections, 2.138 
neutron reaction, 2.93, 5.9 
LITR, 12.25, 12.34, 13.69 
LMFR, 8.246, 11.189, 12.141-12.144 
Logarithmic energy decrement, 3.59 
in compound and mixture, 3.75 
Log count-rate meter, 5.96 
Log n meter, 5.53-5.55. 
Los Alamos Fast Reactor, 1.102, 12.33, 
13.111-138.118 
Water Boiler, 1.115, 12.20, 12.21, 12.34, 
13.86-13.95 
control of, 6.6 
Loss coefficient, 11.157 


» 


Macroscopic cross section, 2.112 
of compound, 2.114 
and mean free path, 2.122 
of mixture, 2.115 
Magic-number nuclei, 2.100 
cross sections, 2.149 
Magnesium, 8.183 
Mass number, 1.45 
Materials, reactor, 1.24-1.26, 8.1-8.257, 
see also Coolant, Fuel, Moderator, 
etc. 
ceramic, 8.212-8.221 
choice of, 8.181-8.186 
comparison, thermal stress, 11.202, 11.203 
induced activity, 8.179, 8.180 
radiation effects, 8.114-8.116, 8.121, 
8.122 
structural, 8.174-8.211, 8.219, 8.220 
testing, 1.115, 8.117, see also MTR 
Maxwell-Boltzmann distribution, 2.101, 
2.126, 2.128 
Mean free path, 2.122 
scattering, 3.5 
transport, 3.14 
Megacurie, 2.14 
Metals, liquid, see Liquid metals 
radiation effects, 8.04-8, 108 
healing, 8 100-8,118 
Motal wastes, radioactive, 0.122 
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Microcurie, 2.14 
Microscopic cross section, 2.112 
Migration area, 3.99, 3.128, 3.124 
and critical size, 1.112-1.115 
length, 1.110, 3.99 
Millicurie, 2.14 
Million electron volt (Mev) unit, 1.50 
Minometer, 9.110 
Mixer-settler, 7.193-7.195 
Mobile reactor, 12,47-12.52 
shielding, 10.4 
Moderating ratio, 3.64 
Moderators, 1.57, 8.123, 12.80, see also 
Beryllium, Graphite, Heavy Wa- 
ter, Water 
age in, 3.96 
and critical size, 3.152 
cross sections, 3.37, 8.123 
diffusion properties, 3.37, 8.123 
time, 3.102 
heat generation in, 11.18, 11.46, 11.47 
transmission in, 11.92—11.94 
migration length, 3.99, 8.123 
slowing down length, 3.99 
power, 3.63 
time, 3.102 
Monitoring, 9.12, see also Instruments, 
Radiation 
air and water, 9.85-9.92 
instruments, 9.86—9.120 
personnel, 9.109-9.120 
Monitron, 9.89 
MTR, 1.115, 12.24, 12.34, 13.59-13.68 
Multiflow (or multipass) system, 11.45 
Multiplication factor, effective, 1.94 
and critical equation, 3.125, 3.126 
linear change and reactor kinetics, 
4.51-4.55 
and poisons, 4.99 
and prompt critical, 4.46—4.49 
and reactor control, 1.122—1.127, 6.4, 
6.5 
step change and reactor kinetics, 4.6— 
4.9, 4.14-4.21 
excess, 1.125, 4.8 
and reactor kinetics, 4.8, 4.9, 4.16, 
4.17 
infinite, 1.95 
and critical equation, 3.108 
and fast fission, 3.131 
four-factor formula, 3.130—3.134 
in heterogeneous system, 3.177-3.187 
in homogeneous system, 3.139 
and resonance escape probability, 
3.132 
and temperature, 4.81-4.84 
and thermal utilization, 3.133 
Multiplication, subcritical, 3.101-3,198, 4,69 


/ 


NAA reactor, 12.31 
NaK (or Nack), 8.229, 8.247-8.249, Table 
A.A, see also EBR 
Neptunium, 1.59 
electronic configuration, 7.19 
oxidation-reduction properties, 7.17, 7.18, 
7.20-7.59 
Nernst-Berthelot distribution law, 7.96 
Neutrino, 1.58, 1.81, 2.38 
Neutron, 1.8, 1.43 
absorption, 2.78-2.95 
age, see Age 
attenuation, 2.116—-2.124 
balance, 1.92, 3.1, 3.17, 3.18 
binding energy, 2.87 
capture, 1.57 
cross sections, 1.63-1.66, 2.109-2.149, 
see also Cross sections 
products, formation rates, 2.202-2.210 
radiative, 1.57-1.62, 2.81-2.85 
collision with nuclei, see Scattering, Slowing 
down 
current, 3.12 
detection and measurement, 5.7—5.10 
fast, 5.7, 5.81, 5.382, 5.125, 9.100, 9.107, 
9.113, 9.117 
slow, 5.8, 5.33-5.39, 5.100-5.120, 9.99, 
9.106, 9.113, 9.117 
activation method, 5.102-5.109, 5.125 
logarithmic, 5.53-5.55 
proportional counter for, 5.77 
pulse chamber for, 5.66-5.70 
diffusion, 3.8-3.44, see also Diffusion 
epithermal, 1.55 
fast, 1.50, 1.55, see also Fast neutrons 
fission, see Fission 
flux, 3.13 
distribution in medium, 3.28-3.31, 3.39- 
3.44 
in reactor, 3.116, 3.117 
flattening, 11.42 
time variation, see Reactor kinetics 
generation time, see Neutron lifetime 
interactions with nuclei, 1.49-1.66, 2.78- 
2.108 
intermediate, 1.55, 1.103, see also Inter- 
mediate neutrons 
leakage, 1.91, 1.93, 3.1, 3.17, see also 
Nonleakage probability 
lifetime, 1.126, 1.133, 3.112 
effective, 1.128 
in finite system, 3.127, 3.128, 3.164 
and reactor period, 1.126, 4.9, 4.38 
kinetics, 4.3-4.73 
mass of, 1.43 
mean free path, 2,122 
production, 2.71-2.77 
monoenergetic, 2,74-2.77 
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Neutron (Continued) 
reactions, 1.49-1.66, 2.78-2.102 
rates of, 2.121 
scattering cross sections, 2.119, 2.145, 
2.146, 2.148, 8.1238, Table A.2 
elastic, 1.52, 2.103-2.108 
inelastic, 1.51, 2.98-2.102, see also 
Scattering 
slow, see Thermal neutrons 
slowing down, 1.56, 3.45-3.100, see also 
Scattering, Slowing down 
thermal, 1.53, see also Thermal neutrons 
energy, 1.53, 2.105-2.107 
velocity, 1.54, 2.108 
Newton’s equation, fluid flow, 11.118 
law of cooling, 11.67 
Nickel alloys, 8.190 
Nitrogen gas, as coolant, 8.233, 13.438 
Nonleakage probability, 1.95, 1.125, 3.119- 
3.126 
diffusion, 3.121, 3.122 
slowing down, 3.120, 3.122 
Norwegian-Dutch (JEEP) reactor, 13.46, 
13.47 
NRU reactor, 13.39 
NRX reactor, 13.36-13.38 
control, 6.10 
Nuclear cross sections, see Cross sections 
Nuclear energy, 1.1, 1.3-1.6, see also Fission 
reserves, 1.5 
special applications, 1.19, 1.20 
fuel, see Fuel 
mass and binding energy, 2.88 
calculation of, 2.89 
power cost, 1.17, 1.30 
economic aspects, 12.213-12.231 
radius, 2.147 
Nucleus, compound, 1.57, 2.80, see also 
Compound nucleus 
Nusselt number, 11.124 


Oak Ridge Graphite Reactor, see X-10 reactor 
Organic compounds, radiation damage, 8.95, 
8.119-8.122 
Organic liquid, as coolant, 8.255-8.257 
Oxidation-reduction potentials, actinide ions, 
7.41-7.51 
and complex ions, 7.48, 7.49 
and hydrogen ions, 7.50, 7.51 
reaction rates, 7.52, 7.53 
states, see Actinide elements 
Oxygen, activation, 5.125, 9.126 
‘fast-neutron reaction, 2.96, 5.125 


Packed column, 7.189, 7.191 
Pair production, 2.57-2.59, 2.68, 2.64 
in shield, 10,18 
Parallel circular plate (POP) chamber, 6,86 


Parasitic capture, 1.91, 1.92, see also Poisons 
Particle counters, see Counters 
Peclet number, 11.129 
Period, see Reactor period 
control, automatic, 6.121, 6.128 
meter, 5.56-5.58, 5.117, 6.67 
range, 5.112 
safety action, 6.67, 6.101 
Periodic system and fission products, 7.66- 
7.86 
Phosphors, scintillation, 5.86, 5.87 
Photoelectric effect, 2.49-2.51, 2.63, 2.64 
in shield, 10.13 
Photoneutron sources, 2.74-2.77 
in reactor, 10.12 
Photons, 2.21, see also Compton effect 
Pile, 1.8, 13.4, see also Reactor 
exponential, 3.199 
Plastics, radiation damage, 8.119-8.121 
Plutonium, electronic configuration, 7.19 
fission, 1.89, 2.158 
-to-capture ratio, 1.90 
critical energy, 2.155 
neutrons, delayed, 2.167 
, number, 1.72 
formation, 1.59 
equilibrium concentration, 2.208 
rate of, 2.206 
oxidation-reduction potentials, 7.43 
properties, 7.44-7.51 
oxidation states, 7.17, 7.18, see also 
Actinide elements 
disproportionation, 7.54-7.59 
properties, 7.20-7.59 
polymer, 7.39 
properties, metal, 8.57-8.59 
radioactivity, 2.9 
in spent fuel, 7.88 
Pocket chamber (or dosimeter), 9.110-9.112 
Point kernel, 10.52, 10.69 
Poisons, 1.91, 1.92, 4.95-4.116, see also 
Samarium, Xenon 
Poppy meter, 9.98 
Positron, 2.4, 2.46, 2.57 
Potential scattering, 2.143 
Power costs, nuclear, 12.213-12.231 
level, maximum, 1.28, 11.1, 11.4 
range, 5.112 
instruments, 5.112, 5.118-5.120, 5.121- 
5.123, 5.127, 6.67 ‘ 
reactors, 12.47 
breeders, 12.97—12.103 
central-station, 12.54-12.56 
components, 12.104 
criticality problems, 11.1, 12.105-12.100 
dual-purpose, 1.89, 1.161, 12.56-12.59 
fant, 12.64-12,69, see also KBR 
highly-enriched fuel, 12,87-12,92 
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Power costs, reactors (Continued) 
intermediate, 12.70-12.72, see also SIR 
mobile, 12.47-12.52 
natural uranium fuel, 12:80—-12.86 
slightly-enriched fuel, 12.87-12.92 
thermal, 12.73-12.77, see also PWR, STR 
transportable, 12.51-12.53, 13.79 

Prandtl number, 11.124 

P-2 reactor, 18.42-18.45 

Precipitation methods, 7.92-7.113, see also 

Carriers 
applications, 7.111—7.113 
general principles, 7.92-7.110 
Precipitron, 9.87 
Precursors, delayed neutron, 2.169, 2.170, 
4.10 

Pressure drop, 11.151-11.161 
and free convection, 11.165 
due to friction, 11.151-11.155 
due to velocity changes, 11.156-11.161 

Pressure vessel, 11.95-11.97 

Pressurized Water Reactor, see PWR 

Processing plant, criticality in, 7.229-7.232 
design, 7.216-7.241 
instrumentation, 7.233-7.240 
maintenance, 7.222-7.228 

Process wastes, radioactive, 9.122 

Production reactor, purpose, 1.136-1.138, 

12.35, 12.36 
conversion ratio, 12.37—12.42 
general design, 12.40-12.46 
water-cooled, 12.43-12.46 

Prompt critical, 1.32, 4.46-4.50 

Proportional counter, 5.71-5.73 
applications, 5.77, 5.118, 5.114, 6.67, 

9.97-9.100, 9.107 
pulse formation, 5.74-5.76 
resolving time, 5.76 

region, 5.15-5.18 

Proton, 1.43 

Pulse chambers, 5.61—-5.67 
amplification, 5.68-5.70 

columns, 7.189, 7.192, 7.194, 7.195 

counters, 5.91, 5.92 

formation, in G-M counter, 5.79-5.84 
in proportional counter, 5.74 

scalers, 5.91 

shaping, 5.69, 5.75 

Pump, electromagnetic, 8.251 

Pumping power, 11.162-11.164 

PWR, 1.37, 13.80-13.85 


Radiation, absorption, see Alpha, Beta, 
Gamma, etc. 
attenuation, inverse square, 9.46, 10.68, 
10.107, 10.108 
biological effects, 9.15-9.28, 9.78 
and specific ionization, 9.20 


threshold type, 9.17 
damage, see Radiation effects 
dose rate, cylindrical surface source, 10.61, 

10.62, 10.144 
generalized surface source, 10.139 
plane source, 10.56, 10.57, 10.70- 

10.79, 10.132-10.138 | 
point source, 9.45, 9.52 
spherical surface source, 10.58-10.60, 

10.80, 10.143 
volume source, 10.81—10.86 

units, 9.29-9.58, see also Rad, Rem, | 
Rep, Roentgen 
dosimeter, film badge, 9.113-9.118 
pocket, 9.110-9.112 
effects, 1.26, 8.94-8.122, 8.140-8.147, 8.214 | 
atomic displacement theory, 8.103-8.105 
in ceramics, 8.214 
in electrical insulation, 8.121 
general, 8.94-8.102 
due to impurities, 8.108 
in lubricants, 8.122 
in metals and alloys, 8.98-8.102 
analysis, 8.101 
healing, 8.109-8.113 
in moderators, 8.116 
in nonmetals, 8.118-8.122 
in plastics, 8.119 
in reactor materials, 8.114-8.117, 8.121, 
8.122 
and temperature, 8.112, 8.113 7 
thermal spike concept, 8.106, 8.107 
in water, 8.140-8.147 
electromagnetic, 2.47 
escape from reactor, 10.145 
exposure, acute, 9.15, 9.76-9.78 
chronic, 9.16 
external, maximum permissible (MPE), 
9.59-9.67 
internal, maximum permissible concen- 
tration (MPC), 9.68-9.75 
hazards, 9.1-9.7 
injury, 9.26-9.28 
instrument, see Instruments 
ionizing, 2.26-2.31, see also Alpha, Beta, 
etc. 
monitoring, 9.12, 9.14, 9.85-9.92, 9.109 
air, 9.85-9.89 
instruments, see Instruments 
personnel, 9.109 
water, 9.90-9.92 
protection, personnel, 9.79-9.135 
in processing plants, 7.218—7.221 
in reactor operation, 9.1-9.135 
sensitivity of tissues, 9.18, 9.19 
sources, 9.38-9.41 
and dose rate, see Radiation dose rate 
external, 9.59-9,67 
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Radiation, sources (Continued) 
internal, 9.68-9.75 
standard, 9.38-9.41 
survey, see Radiation monitoring 
Radiative capture, 1.57—1.62, 2.81-2.85 
Radioactive decay, 2.5-2.13 
constant, 2.5 
equilibrium, 2.11-2.13 
half life, 2.7 
mean life, 2.6 
wastes, see Wastes 
Radioactivity, 1.58, 2.3-2.18 
of fission products, 7.65, 7.89-7.91 
induced, 8.179, 8.180 
units, 2.14 
Radiochemical plant, see Processing plant 
wastes, 9.122, see also Wastes 
Radioisotopes, 2.4 
Rad unit, 9.54, 9.56, 9.58 
Rare-earth elements, 7.14—7.16, 7.124 
Reactivity, 4.17 
in dollars, 4.50 
in inhours, 4.48-4.45 
large, 4.39 
linear change, 4.51—4.55 
negative, 4.21, 4.40—4.42 
and poisoning, 4.99, 4.109 
positive, 4.19, 4.32, 4.35-4.39 
and reactor period, 4.20, 4.21, 4.26, 4.28, 
4.35-4.42 
sinusoidal variation, 4.63—4.67 
small, 4.28, 4.30, 4.36 
step change, 4.6-4.9, 4.14-4.21 
temperature coefficient, 4.75—4.92 
in water-moderated reactors, 4.91 
Reactor, 1.8 
breeder, see Breeder 
control, see Control 
converter, sce Production reactors 
coolant, see Coolant 
temperatures, 12.173—12.188 
core, 1.101 
critical mass, etc., see Critical 
design, cooling system, 11.11—11.26 
general problems, 1.21—1.23 
limitations, 12.114-12.128 
preliminary calculations, 12.193-12.212 
thermal problems, 11.1—11.26 
variables, 12.1—-12.231 
development problems, 1.36-1.39 
dual-purpose, 1.39, 1.161, 12.56-12.59 
exclusion area, 9.7 
experimental, see Research 
experiments, 12.7-12.9, see also EBR, 
EBWR, HRE, ete. 
fast, see Fast 
fuel, see Fuel, nuclear 
hazards, 9,1-9,7 


heat-release rate, 1.9 
-removal problem, 1.27—1.30, 11.1-11.4 
sources, 11.5-11.7, 11.27-11.59, see als« 
Heat 
heterogeneous, see Heterogeneous 
homogeneous, see Homogeneous 
intermediate, see Intermediate 
materials, see Materials 
period, 1.26, see also Kinetics 
and delayed neutrons, 4.17 
initial, 4.29 
long, 4.28, 4.386, 4.43-4.45 
measurement, see Period meter 
at prompt critical, 4.47-4.49 
and prompt neutrons, 4.9 
and reactivity, see Reactivity 
stable, 4.20, 4.21 
in start-up, 6.157 
transient, 5.56, 5.57 
location, 9.11 
poisoning, 4.95-4.116, see also Samarium, 
Xenon 
after shut-down, 4.106—4.116 
during operation, 4.100—4.105 
power density distribution, 11.35-11.45 
uniform, 11.42-11.45 
maximum-to-average ratio, 11.35- 
11.40 
maximum, 1.28, 11.1, 11.4 
shield, see Shield 
stability, 4.93, 4.94 
Recoil nucleus, 2.72 
Recombiner, gas, 8.149, 8.150 
Reflector, 1.101, 3.201-3.223 
effect of, 3.201, 3.202, 3.217-3.219 
héat generated in, 11.18, 11.19 
transmission in, 11.48-11.59 
infinite slab, 3.208-3.214 
materials, see Moderator 
requirements, 3.215, 3.216 
savings, 3.212 
Relative biological effectiveness (RBE), 9.55- 
9.57 
Relaxation length, 10.64 
in shield design, 10.99-10.104 
Rem unit, 9.56, 9.58 
Remote control operations, 9.79, 9.80 
maintenance, 7.224, 7.227 
Rep unit, 9.53, 9.56, 9.58 
Research reactors, 12.10—12.34, see also BEPO, 
Brookhaven, CP-1, etc. 
Resolving time, 5.63, 5.76, 5.83 
Resonance capture, 1,91, 1.92 
cross sections, 2.182 
escape probability, 3,768.82 
in heterogenous ayatem, 8,105, 8,170 
KA73 
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Resonance, escape probability (Continued) 
in homogeneous system, 3.135, 3.136, 
3.138 
temperature effect, 4.81 
integral, effective, 3.135, 3.136 
heterogeneous system, 3.166-3.168 
peak, 2.132, 2.133 
temperature effect, 4.83 
phenomena, 1.66 
and level width, 2.139 
theoretical interpretation, 2.135, 2.136 
scattering, 2.142 
Reynolds number, 11.119 
Rhm, 9.39 
Roentgen unit, 9.29-9.34 
and curies, 9.45—9.53 
definition, 9.30 
determination, 9.35—9.37 
and energy absorption, 9.41-9.44 
energy equivalents, 9.42 
and gamma-ray flux, 9.43, 9.44 
maximum permissible exposure in, 9.60 


Saclay reactor, 13.42—13.45 
Salting agent, 7.166 
Samarium, accumulation, 2.194 
excess reactivity for, 6.35—-6.40 
poisoning, 4.114-4.116 
Scalers, 5.91 
Scattering of gamma rays, 2.98-2.102, see 
also Compton effect 
in shields, 10.14 
of neutrons, 1.51, 1.52, 2.98-2.108 
angle, 3.15, 3.52, 3.58 
in center-of-mass system, 3.46-3.57 
cross sections, 2.119, 2.141-2.145, 8.1238, 
Table A.2 
elastic, 1.52, 2.103—2.108, 3.5 
in shields, 10.19 
empirical Jaw, 3.56 
energy change, 3.53-3.55, 3.59-3.61 
inelastic, 1.51, 2.98-2.102 
in shields, 10.18, 10.19 
in laboratory system, 3.46—3.57 
mean free path, 3.5 
mechanism, 3.45-3.52 
potential, 2.143 
resonance, 2.142 
of photons, see Compton effect 
Scram, 6.19, 6.101, 6.105-6.107, 6.113, 
6.172, 6.173 
fast, 6.106, 6.113 
slow, 6.107, 6.113 
Separation factor, gaseous-diffusion, 8.63 
ion-exchange, 7.128 
solvent extraction, 7.157 
Separations chemistry, 7.3, 7.5, 7.92-7,208 
by ion-exchange, 7,116-7,153 : 


by molecular sorption, 7.114, 7.115 
by precipitation, 7.92-7.113 
by solvent extraction, 7.154-7.199 
by volatility, 7.200—7.203 
Servomechanism, design, 6.131-6.142 
integrating control, 6.138 
position, 6.134 
in reactor control, 6.122—6.129 
velocity, 6.139 
Shield, gamma-ray, 10.87—10.97 
reactor, 1.31, 9.79, 10.1-10.144 
biological, 10.33-10.35 
boron in, 10.46—10.48 
capture of slow neutrons, 10.21-10.25 
composition, 10 28, 10.29 
concrete in, 10.43-10.46 
configuration, 10.30, 10.31, 10.106 
design, 10.6, 10.7, 10.16-10.29, 10.98- 
10.131 
comparison method, 10.118, 10.119, 
10.127—10.130 
effective removal, cross sections, 10.109 
experimental facilities, 10.120—-10.126 
relaxation lengths, 10.99—10.104 
replacement lengths, 10.116, 10.117 
fast-neutron, 10.17—10.20, 10.99-10.102, 
10.109-10.115, 10.127—10.129 
gamma-ray, 10.26, 10.27, 10.99-10.1038, 
10.116, 10.130, 10.131 
geometrical transformations, 10.58-10.62, 
see also Radiation dose rate 
heat generated, 10.32, 11.18, 11.19, 11.48- 
11.59 
heat transmission, 11.95-11.97 
heavy elements in, 10.37—10.40 
hydrogen in, 10.41-10.47 
laminated, 10.31 
materials, 10.36-10.49 
mobile, 10.4 
radiations, 10.7-10.15 
reflector as, 10.20 
slowing down in, 10.16—10.20 
slow-neutron, 10.21—10.25 
theory, 10.50-10.86, 10.132-10.145 
thermal, 10.33-10.35 
processing-plant, 7,.218-7.221 
Shut-down, control during, 6.172, 6.173 
delayed-neutron effect, 1.133, 4.41 
fission-product decay, 2.182-2.185, 2.196- 
2.201 
heat release, 1.85, 2.180-2.183, 11.30 
reactor period, 1.133, 4.41 
samarium poisoning, 4.114-4.116 
xenon poisoning, 2.198, 4.105-4.113 
Sigma circuit, 6,111-6,113 
SIR, 1.22, 1.108, 1.121, 12.50 
Slowing down, 3.45-8, 100 
collisions, number of, 8.6L - 
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Slowing down (Continued) 
continuous, 3.83-3.87 
density, 3.71, 3.81, 3.82 
by elastic scattering, 3.45, see also 
Scattering 
Fermi age model, $.83-3.87 
length, 3.98, 3.99 
mechanics of, 3.45-3.52 
nonleakage probability, 3.120 
power, 3.62 
time, 3.100 
Slow neutrons, see Thermal neutrons 
Slurries, heat transfer, 11.145-11.147 
reactor fuel, 12.139, 12.140, 12.142, 12.148 
Sodium, coolant, 8.247-8.250 
induced radioactivity, 8.249, 9.127 
operating temperatures, 12.188 
-cooled reactors, 12.91, 12.126-12.129 
Sodium-Graphite Reactor, 12.91, see also SRE 
Sodium-potassium alloy, see NaK 
Sodium Reactor Experiment, see SRE 
Solid, contact resistance, 11.98-11.101 
-solution carriers, 7.94, 7.95 
Solvent extraction, 7.154-7.199 
applications, 7.177—7.180 
columns, 7.173-7.176 
design, 7.181-7.185 
theoretical stages, 7.181—7.187 
types, 7.186-7.195 
contactors, 7.188-7.195 
factors influencing, 7.165—7.172 
by fused salts, 7.196-7.199 
and oxidation state, 7.169 
principles, 7.154 
salting agent in, 7.166, 7.167 
solvent, choice of, 7.157-7.164 
of uranium from concentrates, 8.20, 8.21 
Sorption, separations by, 7.114—-7.153, see also 
Ton-exchange 
Source range, in start-up, 5.112 
control, 6.11 
Specific ionization, 2.27 
and biological effect, 9.20 
Specific power, 1.157 
fast reactor, 12.69 
intermediate reactor, 12.71 
thermal reactor, 12.73 
Spent fuel, composition, 7.84-7.88 
cooling period, 7.62 
processing, 7.1, 7.3-7.19 
by ion-exchange, 7.143 
plant design, 7.216—7.241 
by precipitation, 7.111—7.113 
by solvent extraction, 7.177-7.180 
stages, 7.216 
by volatilization, 7.200-7.202 
radioactivity, 7.65, 7.89-7,91 
SRE, 18,27-13,29 f 


Stability, dynamic, 4.92 
static, 4.93 
Start-up, accident, 6.116-6.118 
after scram, 6.164-6.166 
initial, 6.155-6.163 
instruments, 5.114-5.120 
neutron range, 5.112 
in power range, 6.167 
Statistical errors in counters, 5.97-5.99 
Stainless steel, cladding, 12.169 
structural material, 8.188, 8.189 
Steam cycles, nuclear power, 12.189-12.192 
system, heat exchange, 11.185-11.190 
temperatures, 12.184, 12.185 
STR, 1.22, 1.115, 13.78 
Structural material, see Material 
Subcritical multiplication, 3.191, 4.69 
system, 1.94, 3.126 
Submarine Intermediate Reactor, see SIR 
Submarine Thermal Reactor, see STR 
Supercritical system, 1.94, 3.126 
Swedish reactor, 13.48, 13.49 
Swimming Pool reactors, 10.120, 10.124— 
10.126, 12.25-12.30, 12.34, 13.70— 
13.75 
convection cooling, 11.167-11.169 
temperature coefficient, 4.91 


Target nucleus, 3.72 
Temperature, and buckling, 4.88 
coefficient, 4.90—4.92 
and reactor control, 6.143-6.154 
coolant, 12.173—-12.188 
inlet, 12.179-12.183 
outlet, 12.176-12.178 
and cross sections, 4.78, 4.83, 4.84 
and diffusion length, 4.79 
distribution, in coolant, 11.102—11.104 
in fluid-fuel system, 11.138-11.147 
in fuel element, 11.81-11.91, 11.102- 
11.114 
in moderator, 11.92—11.94 
in pressure vessel, 11.95-11.97 
in reactor system, 11.20—11.23 
in shield, 11.95-11.97 
of fuel element, interior, 12.207 
maximum, 11.110 
surface, 12.204 
limitations in reactor design, 12.114— 
12.117 
mixed-mean fluid, 11.68 
and radiation effects, 8.112, 8.113 
and reactivity, 4.75-4.92, see also Reac- 
tivity 4 
and reactor control, 6.143-6,154 
stability, 4.93-4.95 
steam, 12,184, 12,185 
Tenthevalue layer, 2,61 





860 INDEX 


Theoretical stage, ion-exchange, 7.146—7.152 
solvent extraction, 7.181—7.187 
Thermal aspects of reactor design, 11.1- 
11.26, 12.114-12.192 
calculations in reactor design, 12.193- 
12.212 
Thermal circuit, 11.65 
Thermal column, 13.6 
Thermal conductivity, 11.62, Tables A.3, A.4 
Thermal neutrons, 1.53 
age, 3.96 
biological effect, 9.21, 9.57 
capture in shield, 10.21-10.25 
cross sections, 2.126—2.129, 2.148, 2.149, 
Table A.2 
detection, see Neutrons 
diffusion, 3.28-3.44, see also Diffusion 
energy, 1.54, 2.105-2.107 
fission, 1.70, 1.108, 2.158, 2.159 
cross sections, 2.160 
maximum permissible exposure, 9.65, 
9.66 
Maxwell-Boltzmann distribution, 2.128 
measurement, see Neutron . 
reactions, 2.79-2.94 
speed, 1.54, 2.108 
Thermal reactors, 1.108, 1.114, 1.117, 1.175, 
see also BEPO, Brookhaven, 
CP-1, ete. 
power, 12.73-12.77 
Thermal spike concept, 8.106, 8.107 
Thermal stress, 11.124, 11.191-11.203 
and tensile strength, 11.202, 11.203 
Thermal Test Reactor, see TTR 
Thermal utilization, 3.133 
in heterogeneous system, 3.174, 3.175 
in homogeneous system, 3.137-3.139, 
3.148 
and infinite multiplication factor, 3.133 
and poisons, 4.97—4.99 
and temperature, 4.81, 4.83, 4.84 
Thickness density, 2.37 
alpha particles, 2.37 
beta particles, 2.44, 2.45 
gamma rays, 2.68 
Thorium, 1.48 
' as fertile material, 1.18, 1.61, 1.187, 
see also HTR 
fission, 1.68, 2.157 
metal, alloys, 8.56 
fabrication, 8.54 
production, 8.33-8.35 
properties, 8.50—-8.53 
neutron capture, 1.61 
ores, 8.28, 8.29 ; 
treatment, 8.30, 8.32 
radioactivity, 2.9 
reserves, 1,5 


Titanium, 8.186 
Transportable reactors, 12.51-12.53, 13.79 
Transport mean free path, 3.14 
theory, 3.8-3.10, 3.14 
Tritium, production, 2.93 
TTR, 12.32, 13.106—13.110 
Turbojet, 12.122, 12.123 
Turbulent flow, see Fluid flow 


Uranium alloys, 8.49 
chemistry, see Actinide elements 
concentrates, purification, 8.19-8.21 
cross section, 2.132, 2.160 
electronic configuration, 7.19 
as fertile material, 1.13, 1.59, 1.187, see 
also Breeder, Production reactors 
hexafluoride, 8.27 
in isotopic separation, 8.62 
isotopes, 1.47 
separation, 1.142, 8.60-8.93, see also 
Gaseous Diffusion 
metal, analysis, 8.26 
fabrication, 8.47, 8.48 
production, 8.22-8.26 
properties, mechanical, 8.42-8.48 
physical, 8.36-8.41 
oxide, black, 8.15 
brown, 8.23 
orange, 8.23 
ores, 8.3-8.7 
treatment, 8.10-8.18 
peroxide, 8.23 
phase changes, 8.37, 12.11 
reserves, 1.5 
sources, 8.3-8.9 
tetrafluoride, 8.24, 8.25 
Unit thermal conductance, see Heat-transfer 
coefficient 


Velocity, head, 11.156 

loss, 11.157 
Vibrating-reed electrometer, 5.46, 5.47 
Volatilization, separation by, 7.200-7.202 
Volumetric heat capacity, 11.137 


Wastes disposal, radioactive, 7.203-7.214, 
9.121-9.135 
by concentration and storage, 9.129- 
9.134 
by dilution and disposal, 9.123, 9.126- 
9.128 
gaseous, 7.209—7.212, 9.126 
and geological conditions, 9.128, 9.124 
liquid, 7.203-7.208, 9.126, 9.127 
solid, 7.218, 7.214 
Water, age in, 3.96 
as coolant, 8.284-8,289, 12,20-12,30, 12,43~ 
12,46, 12,126-12,129 


Tee 
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Water, as coolant (Continued) 
in boiling reactor, 8.238, 8.239, see 
also EBWR 
operating temperatures, 12.187 
diffusion properties, 3.37, 8.124, 8.125 
time, 3,102 
drinking, radioactivity, 9.75 
heat-transfer coefficient, 11.128 
heavy, see Heavy water 
infinite multiplication factor, 3.184-3.187 
migration length, 3.99 
-moderated reactors, circulating fuel, 
12.1382-12.140, see also HRE 
power, 12.85, 12.88-12.90, 12.94-12.96, 
see also APPR, PWR, STR 
research, 12.20-12.30, see also MTR, 
Swimming Pool, Water Boiler 
reactors 
temperature coefficient, 4.90-4.92 
moderating properties, 3.64, 8.123 
purification, 8.236, 9.128 
radiation decomposition, 8.140-8.147 
radiation survey, 9.90—-9.92 
slowing down length, 3.99 
power, 3.63 
time, 3.102 
treatment, 3.87 
Water Boiler Neutron Source, see WBNS 
Water Boiler reactors, 1.177, 12.20—12.23, 
12.27-12.30, 12.34, 13.86-13.97 
temperature coefficient, 4.91 


WBNS, 12.23, 12.34, 13.97 
Wigner effect, 8.103, see also Radiation 
effects 


Xenon, accumulation in reactor, 2.198, 2,108 
poisoning, 1.119-1.121 
after shut-down, 4.106—4.113 
maximum, 4.108 
during operation, 4.100—4.105 
equilibrium value, 4.102—4.104 
limiting, 4.105 
and excess reactivity, 6.34, 6.40 
X-rays, 2.19, 2.24, 2.47, 2.51 
characteristic, 2.24 
continuous, 2.24, see also Bremsstrahlung 
indirect ionization, 2.30 
X-10 reactor, 12.18, 18.9-13.19 
lattice, 3.180 
multiplication factor, 3.180 


ZEEP, 13.40 

ZEPHYR, 13.127-13.129 

Zirconium, 8.185, 8.191-8.211 
arc-melted, 8.196 
cladding, 12.168, 12.169 
corrosion, 8.208-8.211 
crystal-bar, 8.195 
fabrication, 8.204-8.207 
production, 8.191-8.196 
properties, 8.197-8.203 

ZOE reactor, 13.41 
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